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ABSTRACT

Optimization of 1.2 kV 4KSilicon Carbide (SiC) Powddevices:
High Performance, Reliabiliiyand Ruggedness

by
DongyoungKim
Doctor of Philosophy in Nanoscale Engineering
State University of New YorRolytechnic Institute

This research primarily focuses tire design, fabrication, and characterization of 1.2 kV
4H-SiC devices. Power devices play a critical role in numefagk-power applications,
including automotive, industrial and energy applications. The development of efgcgnt
power devices is essential f@ducingpower loss during operation. While silichased power
devices are widely used in higtower applicationghey have reached their limit in minimizing
power loss. As a result, wideandgap materials, particularly 45llicon Carbide (SiC), have
gained traction as replacements for their Silicon counterparts due to their superior material
properties, enabling furer reduction of power dissipation beyond Si. The demand for 1.2 kV
4H-SiC MOSFETSs has significantly increased, particularly in the electric vehicle (EV) market
where high performance, reliability, and ruggedness are critical to compete with Si
counterpag. Hence, the optimization of 1.2 kV 45IC devices is necessary.

The most distinctivdeature of a power device is its ability to withstand high voltages
within the drift region. The breakdown voltage of the power device is determined by the
specificatiors of the drift region. The optimization tfie drift region must be performed to
enhancg@ower efficiency for each specific application due to the tadtieelationship between

onrresistance and breakdown voltage.-8i& enables a thin, heavily doped driégion to



support a given breakdown voltage, resulting in a substantial reduction in-tesistance of

the device compared to Si. Moreover, Hybrid Junction Termination Extension (Fyfid

technique was employed to achieve a rnidaal breakdown vehge and experimentally
verified.

The influence -wel teeiprpl BB skaeVidM@®SFETs has b
in terms of their | mpact-ciomc witta t o gagsescensessc stt. enre
i mpact w@emaoatpertr i sitriccusi tanrdu gsgheodrntes s, -wehé dept
i mpl ants were compared by varykFuogt lcehramared, |t
significance of high channel mobility has be
but alscifecmashoteéeristics.

The optimization of static characteristics of 1.2 kV-8€ MOSFETs have been
investigated through the analysis of the cell structure. A comprehensive analysis has been
conducted to examine the tradf relationship between specific @asistance and breakdown
voltage, as well as yield, by considering various dimensions within the cell struthge.
dimensions explored in this analysis include the channel, JFET, contact opening, ILD (Inter
Layer Dielectric) width, and gat®-source ovedp within the cell structure.

A novel approach has been proposed to enhance thedfifadéationship betweeshort-
circuit withstand timeand specific osresistance by employing MOSFETs with a deepeH
structure through channeling implantation. Fa tthanneling implantation, a tilt angle of 4
degrees was adjusted to <0001> direction of3l€ in 4HSIC (0001) substrates with 4 ° off
cut towered <1R0> direction. The utilization of channeling implantation has been employed

to overcome the limitationgassociated with previous random implantation energy. The



successful fabrication and demonstration of MOSFETs with deegllPstructures using
channeling implantation have been achieved.

The MOSFETs with a deep-Well structure enable the short channeighs, which
improve the trad®ff relationship between specific @asistance and breakdown voltage. The
implementation of a deep\Well structure effectively suppresses the leakage current originating
from the channel during the blockimgode of operatio, thereby enhancing the trad#
relationship. Additionally, the deepWell structure has significantly reduced the maximum
electric field in the gate oxide, leading to improved high temperature reverse bias (HTRB)
characteristics.

A novel layout apprazh has been proposed and successfully demonstrated for the
monolithic integration of a Schottky diode with 1.2 kV SiC MOSFETs (JBSFETS) to achieve
an identical cell pitch compared to the pure MOSFET design. To further reduce cell density,
highly doped JFETimplantation with narrow widths of JFET/Schottky regions has been
conducted. Consequently, the proposed JBSFET demonstrates comparable static performance
to the pure MOSFET while exhibiting®3juadrant currertoltage characteristics similar to
JBS diods.

A thorough comparison of the shaitcuit failure mechanisms between 1.2 kV-&C
MOSFETs and Ti JBSFETSs, both having identical cell pitch and specHresistancehas
been successfully accomplishétbwever,despitethe same channel density, éifént short
circuit characteristichave beerobserveddue tothe presence dkakage current from the
Schottky contact in the JBSFETSs. In ordecomprehendhe shorcircuit failure mechanisms,

nonisothermal mixeemode 2D TCAD device simulatiortsave leenemployed Moreover,

Vi



based on the experimental results and analps¢sntialsolutions to furtheenhancehe short
circuit characteristicef JBSFETshave beemproposed.

A 1.2 kV 4HSIC planardunction Barrier SchottkfJBS diode with a deep P+ grid
structure, implementethroughchanneling implantation, has been successfully designed and
fabricated. Without theise of arench structure, a planar JBS diode with a junction depth of
2.2 em has been s uc acaeimgantation gnergfola3db0 ke¥.arThee d
formation of the deep junction significantly suppressed the leakage current originating from the
Schottky contact.

In summary, extensive examinations have been conducted on 1.2 kV ra&@ fpdwer
devices, including MOSFETSs, JBSFETSs, aiE diodes, to optimize and enhance their static

characteristics, dynamic characteristics, reliability, and ruggedness.
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Chapter 1

| ntroduction

1.1. ADVANTAGE OF4H-SIC

Considerable attention has be@tused onwide bandgap material®or future power
electronic applicationsln particular 4H-Silicon Carbide (SiC) hasmergedas an excellent
alternative to Silicon in power electronic applicationseto its exceptionaimaterial properties,
including high electron mobility, high criticalextric field, and high thermal conductivity, 4H
SiC is highly suitable for use in highpower, highvoltage, and highemperature applications.
Table 1.1 provides a comparison ¢fie material propertiesf Si, 4HS i C, E&apk, andd
Diamond[1]i [3].

Tablel.1. Material propertiesf Silicon, 4HSIC, GaN, GgO3, and Diamond.

M aterial Properties Silicon'? 4H-SiC'? GaN'?3 b-Ga20Oz*> Diamond?
Energy Bandgap (eV) 1.11 3.26 3.44 4.9 55
Dielectric constant{ ) 11.7 9.7 9.510.4 10 55
Electron Mobility (cnt/V-s) 1400 900 1200 300 ~2000
Saturation velocity (cm/s) 1.0x10" 2.1x10° 1.4x10"  1.1x10’ 2.3x10’
Critical Electric Field (MV/cm) 0.3 25 3.3 8 10
Thermal Conductivity (W/caK) 15 3.7 2.1 0.13-0.23 ~10

One of the mossignificantadvantages of 4%iC over Sjin terms ofmaterial properties for
power deviceis the combination of two key factor$) wide energy bandgap and 2) thermal
conductivity. 1) The wide energy bandgap of-8KC contributes taa high critical electric field
and low intrinsic carrier density. The highitical field allows for thesupportof a designated
breakdown voltagby utilizing a thin drift layer with high doping concentration, reducing the drift
resistanceThe low intrinsic carrier densityeads tolow leakage current under the blocking

condiions, enabling hightemperature operation. 2) The high thermal conductivity ofAE
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Fig. 1.1. SiC applications and market growth expectati@s

is crucial for its abilityto withstand the degradatioawsed by highemperatures, makinghighly
suitable for applicationsin harsh environmentsAdditionally, the high thermal conductivity
facilitates efficient heat dissipation from the devices, resulting in the use of smaller thermal
management components

In addition to its superior material properties,-8HC offers significant advantages in device
fabrication. Onenotableadvantage is its unique characteristiepnéblingrelatively easy control
of both n and ptype dopingovera wide doping rangelistinguishingt from other wide bandgap
semiconductorpd]. Furthermore4H-SiC has the abilityo form silicon dioxide (SiQ) as a native
oxide, making it compatible with Silicon device structures and facilitating the integration of SiC
devices with exsting Silicorbased technologig4].

Due totheir high device efficiency and advantagesdevice fabrication, 4F6iC power
devices such as diodes based on Schottky and MOSFETs hawwbeessfull}commercialized

for awide rangeof applications.
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Fig. 1.2. (a) Fabricated SiC MOSFETSs onifich SiC wafer (b) Waferlevel characterization set
up with Cascade probe station and (c) Keithley parametric curve ffastistructure
characterizatiosetup with (d) Cascade probe station and (e) Agilent B1500A&gfkaged
devices.

Since the commercialization of SiC Schottky barrier diodes (SBRgpfineonand metal
oxide semiconductor field effect transistors (MOSFETs) Cree Inc (WolfSpeed[5]i[7],
extensive research has been conducted to develop powerddesiiggSiC substrates. Asrasult
there has been a tremendauewthin the utilization of SiC devicesacrossvarious applications,
as demonstrated kig. 1.1 [8].

Although 4HSIC MOSFETSs have already been developed and commercialized, there is still
room forfurther optimization ofthe cell structure and processes in terms of static and dynamic

characteristics, reliability, and ruggedness, especially for 1.2H¢8i€ devices.
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1.2. DEVELOPMENT AND OPTIMZATION OF 1.2KV 4H-SIC MOSFETs

1.2 kV 4HSIC MOSFETs JBSFETsandJBS diodeshave been successfully fabricated at
ADI and SiCamore Sentkig. 1.2 (a) presentshe fabricated MOSFETSBSFETsandJBS diodes
on a 4HSIC 6&inch wafer at ADl The fabricated devices wesvaluatedhroughwaferlevel
measuremesising the manual Cascade S1200 probe station and Keithley 2600 parametric curve
tracer, as shown iRig. 1.2 (b) and (c), respectivelyWarious paramers such asn-resistance,
threshold voltage, transconductance, leakage current, breakdown voltage, and capacitance were
measured. Fdateral MOSFETs (FATFETs$nd TLM measuremegtCascade&s300 andAgilent
B1500Awereemployed asillustratedin Fig. 1.2 (d) and (e), respectivelylhe switching, short
circuit, and unclamped inductive switchimgere evaluated on a packaged device at Ohio State
University. The fabricatd devices were packaged using a247 package with open cavjitys
shown inFig. 1.2 (f).

In this dissertationthe development and optimization &f2 kV 4HSIC MOSFETs
JBSFETsand BS diode werecarried outto enhanceheir static and dynamic characteristics,
reliability, and ruggednes$he cvice designs, fabricationand characterizations of 1.2 kV 4H
SiC planar MOSFETSs are thoroughligcussed. Through the optimizatiofthecell structure and
processa novel device structure is proposéthapter 2 primarily focuseon the drift design of
4H-SIC power devices. The utilization of HybtddE is employed toachievea neafideal
breakdown voltage for the designed drift layer.

Chapter 3 describes the2kV 4H-SiC MOSFETSs with different junction depthstbeJFET
and Rwell regions. For each JFEHkeIl depth combinationvariations inchannel lengths and
JFET widths wereonductedo compare specific eresistance, breakdown voltaged short

circuit withstand timelt wasobservedhata deep JFET structure providasower specific on
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resistance (12%ower)with ahigh breakdown voltag€onverselyMOSFETs withadeep Pwell
exhibit ahigh breakdown voltage with low leakage curr@ven ina shorter channel length (0.4
pm). Moreover,the tradeoff relationship betwen Rnsp and shorcircuit withstand time is
discussed for MOSFETs with different JFET widths and channel lengties deep JFET
implantation offers abetter tradeoff relationship due to the feasibility of narrow JFET widkb.
further improvethis trade-off relationship, MOSFETs with deep JFET andv@l implant are
proposed. Lastly, the importance of high channel mobisitynvestigatednot only for static
characteristics but aldor shortcircuit characteristicSLhe measured electrical charactécstre
supported by irdepth 2Ddevice simulations.

Chapter 4 discusses detailed structural analysis of 1.2 kV 4iC MOSFETs withan
accumulation mode channdlhe experimental investigation involved fabricating and comparing
various cell designs of 2kV SiC MOSFETS, focusing on their output and transfer characteristics,
as well as blocking behaviolsey design parameters such as channel length, JFET width, contact
openings, gatéo-source overlap, and cell pitch were thoroughly examined to quargijedssess
their impact on static performanc&éhe experimentatesultswere further supported by 2D
simulations.The results revealed that the channel length has the most significant influence on
specificoar esi st ance, wi t h -cafo bisrecrveeads e earf 00 .13 &4m mY
length.However, it was also observed that the channel potential is highly dependent on the channel
length, leading to an increase in leakage current with shorter channel dékigmscorporation
of enhanced dopmin the JFET region with a current spreading layer (CSL) proved crucial in
achieving a narrower JFET width, theresgtisfyng the requirements for static performance,
devicereliability, and ruggednesadditionally, this paper explores potential methods to further

enhance the tradaff characteristics through other design aspects.
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In Chapter 5non-isothermal simulationsere conductetb understanthe short-circuit (SC)
behavior of SIC MOSFETSs. Using the established model, structuees proposetb enhance the
SC ruggednes#t. was found that ehin gate oxide and a narrow JFET regiam reduceaturation
currentard improveSC ruggedness without increasingy, B The results indicatehat athin gate
oxide offers moderate improvement in SC calgglbut comest the cost of increaséts On the
other hanganarrow JFET region provides muahproved (2x) SC ruggedness well as lower
Ron,sp Without negativédy impacing Cgs

Chapter @lescribeshe layout approaches and resulting static, dynamic, anda@hmrit (SC)
ruggednessharacteristics of 1.2 kV power MOSFETSs fabricateca@ainch 4H-SiC substrate
Different layout topologiesincludinglinear and hexagonahs well asvariousdesign variations
with and without bridge of Pwell, wereinvestigatedo understandheir effect. The experimental
resultsdemonstratedhe following findings:1) the hexagonal layout topology enables a low
specific onresistance (R.sp, 2) the linear MOSFEEXxhibits fast switching speed and is suitable
for high-frequency applications, an8) the hexagonal topology with bridge offers greater
reliability and ruggedness.

Chapter 7 introduces and demonstrates the operation of KURHSIC MOSFETSs with a low
knee voltage and forward voltage drop in the third quadrant mode, aimed at eliminating the need
for external SiC SBDs in power converter applicatidiee proposed MOSFETSs utilize optimized
accumulation mode channels and a sifrgali fabrication process that eliminates the epitaxial
regrowthstep Various channel design parameters, including doping concentration, channel length,
and gate oxides, were investigated to achieve low knee voltage and forward voltage drop under
third qualrant operation while ensuring high breakdown voltageser blocking operatiormhe

impact of channel potential (barrier) on current conduction behandieakage current during
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third quadrant operation atige blocking moderespectivelywas studiedrtrough 2D simulations.
Furthermore, the reverse recovery characteristics and switching behavior of the devices are
discussed. The optimized channel design serves as a significant breakthrough in the development
of highly promising devices for highlensitypower electronics applications.

In Chapter 8a novel device structure was introduced to significantly enhance thedfifade
relationship between specific -@asistance and shectrcuit withstand time in 1.2 kV 4+$iC
MOSFETs.MOSFETs with deep #ells formed using channeling implantation wdirstly
demonstrated to enhance shartuit ruggedness, achieving approximately four times longer
withstand time compared to conventional MOSFHT8s enhancement was achieved withawt a
negative impact on specific @msistance, resulting in MOSFETs with a skmrtuit withstand
t i me ddfor® degpsRvell junctions, a channeling implantation technique with low energy
was employed. Importantly, the fabrication process for thep dewell using channeling
implantation was demonstrated to be straightforward and did not require additional or complicated
steps when compared to the conventional MOSFET fabrication pro&essmprehensive
comparison between the conventional and noeslghs was conducted, considering the output
characteristics, blocking behaviors, and sfointuit ruggedness.

Chapter 9ntroducesl.2 kV 4HSiC MOSFETSs wittadeep Pwell structureachieved through
channeling implantation to enable short channel lengt The utilization of channeling
implantation allowed for the formation of deep junctions with low energy implantafioa.
proposed MOSFETsvith ashort channebf O . 3, demmanstratetbw leakage currerdandhigh
breakdown voltage contrasting with conventional MOSFETs of similar ratisgexhibited
significantleakage current.The incorporation of a deepwell structure effectively suppressed

the leakage current from the channel during the forward blocking r@oteequentlythespecific
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onresistanceof the proposed MOSFETs with a channel length of ©.8\was reduced by
approximately 10 %Furthermorethe conventional tradeff relationship between specific on
resistance and sheetrcuit withstand time was improved in the proposed MOSFiiesto the
presence of the deepvirll structure Experimental measurements of output, blocking, and-short
circuit characteristics were conducted on fabricated 1.2 kV SiC MOSFETS, supported and clarified
by the use of Sentaurus 2D TCAD.

Chapter 10presentshe develgoment and evaluation of a 1.2 kV 4iC SplitGate (SG)
MOSFET with a deepell structure which effectively reduces the maximum electric field in
the gate oxide (&), increases the sheetircuit withstand time (SCWT), and reduces the switching
energy bss. Channeling implantation wasnployedto achieve a deep junction with low
implantation energy in the proposed-M®SFET. The conventional MOSFET, conventional SG
MOSFET, and proposed SKBOSFET were successfully fabrieat and evaluated comparison
of the measured static, dynamic, and sfeoxtuit characteristics was conducted. Furthermore, 2D
simulations were performed to validate the experimental results and analyze the electric field in
the gate oxideThe proposed SMOSFET outperforms the convémal SGMOSFET with a
1.06xincrease irbreakdown voltage (BVand a 1.78x decrease iskEAdditionally, the proposed
SGMOSFET exhibits a 1.52x improvement in SCWT compared to the conventional SG
MOSFET. Furthg the proposed SGIOSFET enhances frRx Csd by 2.66xcomparedo the
conventional SGMOSFET, leading t@ 1.5xreductionin Eof anda 1.05xreduction inEotal.

Chapter 11lproposeghe demonstration of 1.2 kV 4HiC Schottkyintegrated MOSFETs
(JBSFETs)that achiee the same specific eresistance as the pure MOSFHIy utilizing an
innovative layout approaa@nd anovel deep Rvell structure. The proposed JBSHESIgnificantly

reduce the specific eresistanceresulting in a2x reduction in the chip size compartemthe
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traditional chipto-chip parallel connection of separate MOSEBENd JBS diode Additionally,
the leakage current originag from the Schottky contacis effectively suppressed by
implementinga 1.8 um deep #ell structurethrough channeling implatation. This paper
discusses the device design strategy, layout approach, fabrication process, and static-and short
circuit characteristics of the proposed JBSFETs. Furthermore, 2D simulations are conducted to
further comprehend and elucidate the expentaeesults.

Chapter 1Zompared..2 kV 4HSIC MOSFETs and Ti JBSFETs with deevEll structures.
To ensurea fair comparison of thieshortcircuit characteristicsan innovative design approach
was applied tothe JBSFET40 achievethe same specific eresistanceasthe MOSFETs. To
enhancethe shorcircuit characteristics oboth the MOSFETs and JBSFETs, channeling
implantation was conducted to form a deewétl structure which helps reduce the maximum
saturation current durinpé shorcircuit evens. This approach resulted in improved shartuit
characteristics in both device typddowever, the JBSFETexhibiteda shorter shoistircuit
withstand timecompared tathe MOSFETSs due to the high leakage current from Schottkaciont
Sentaurus 2D TCABImulationswereutilized to gain a deeper understandingtioé shorcircuit
mechanism# the MOSFETs and JBSFETS. It watsservedhat the MOSFETS failed due to the
high current in the channel regiomhile the failure of JBSFETeccurredatthe Schottky contact.
Furthermore potential solutions toenhancethe shorcircuit characteristics cdBSFETswere
proposedincluding the adoption @& narrover Schottky width ané high work function metal.

Chapter 13resentsa study orenhancingthe reverse characteristics of 1.2 kV-8C JBS
diodesbyincorporatinga deep P+ grid structure. To achieve a deep junction with low implantation
energy, channeling implantation watdlized. Diodes with different junction depths of the P+ grid

were fabricated to compare théorward and reverseV characteristicsspecifically atdepth of
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0.8 &m, 1. 4 ¢Repardlessnd the2 P+ 2yrid adepthearly identical forward 4V
characteristics werebtained However,the deeper P+ grid junctiagignificantly suppressed the
|l eakage current, resulting in | eakageV)forurrent
the 0.8 ¢&m, 1.4 em, and 2. Respitenthe mplengentatioh offau nc t i
deep junction using channeling ptantation, the proposed JBS diode achieved high breakdown
voltages comparable to those of shallow junction diodes. This can be attributed to the relatively
low doping concentration in the deep junction. Furthermore, different edge termination structures
with various main junction depths were discusSeal.achieve a neddeal breakdown voltage
unaffected by the JTE (Junction Termination Extension) dose, HybiEdwas employed. The
study demonstrated that the proposed JBS diodes attained high breakddagesvand
significantly reduced leakage current using the same edge termination technology as conventional
shallow junction diodes. To gain a better understanding of the impact of the deep junction, 2D
simulations were conducted.

Chapter 14 providea compehensive summary of the significant accomplishmehthis

work, as well as discussing future work.
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Chapter 2
Design of1.2 kV Planar SiC MOSFETs

2.1.DRIFT LAYER DESIGN FAR 1.2KV 4H-SIC POWERMOSFETS

The mostnotablecharacteristiof a power device igs ability to withstand high voltages.
During the blocking mode of operatiothe drift layer plays a crucial role in supporting the
voltages, and the breakdown voltages of the power deMpend orthe thickness and doping
concentration of the drift layer. Therefore, optimizing the drift layer is imperataehievng low
specific onresistance and high breakdown voltages for poweices.

Due to the high critical electric field exhibited by -GiC, thinner thicknesses and higher
doping concentrations can be employed in its drift layer to achieve the desired breakdown voltages
compared to what is achievable with a Si drift layeisTim turn, leads to significantly lower drift
resistance in 4¥BiC drift layers.

In power device drift layer design, two approachexanemonly usedPunchThrough (PT)
and NonpuncfThrough (NPT) design&iig. 2.1 (a) and (b)illustratethe electric field distribution
in a PiN diode under PT and NPT desighse PT design achieves the same breakdown voltage
as the NPT design by utilizing a thinner drift layer ansdodoping concentration. The electric
field takes on a trapezoidal shape for the PT design and a triangular shape for the NRRslesign
shown inFig. 2.1 (c). Due tothe favorable electric field shape of the PT design, it offers a 14.9%
lower specific orresistance than the NPT design in unipolar devices [1].

In this dissertation, the PN design concept was implemented orSaClEpitaxial layer to

develop a power d&se with a low specific omesistance and a breakdown voltage rating of 1200
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v
(©)
Fig. 2.1. Sthematic of the parallel plane for (a) purttihough and (b) nonpunehrough drift
layer design. (cThe electric field distribution of both designs.

V. Howeverconsideringedge termination efficiency and voltage overshoot, a targpeszdkdown
voltage of 1700 V was set as the ideal case. For the 1700 V power devic8)@ dkft thickness

of 1 0d eadnftdaping concentration of 8x¥@n3 were employed.

2.2. AVALANCHE BREAKDOWN

The blocking characteristics of power devices dgterminedoy the avalanche breakdown
phenomenonwhere carriers gain enough energy from a high electric field to create elaoteon
pairs upon colliding with lattice atomEhis impact ionization proceg®vernghe current flowing

through the depletion regiomhen subjected to a significant electrield. The impact ionization
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coefficientrepresentshe number of electrehole pairs created by a mobile carrier traversing 1
cm through the depletion regian the direction of the electric field. The inapt ionization
coefficients for electrons and holeshibit a stronglependencen the electric fieladnagnitudeas

illustratedin Fig. 2.2 andFig. 2.3. In 4H-SiC, the impact ionization coefficiefdr holes isnotably
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higher than that of electrons, indicating that the ionization integtadlegenerallyreaches unity
earlier than tht of electronsvith increasingelectricfield strength2], [3]. In the simulationthe
breakdown voltage was determined by utilizing the ionization integral for holes initiated by impact
ionization (phihole).

Fig. 2.2 and Fig. 2.3 showthe impact ionization coefficiets for holes and electrom as a
function ofthe inverse ofthe electric field incorporatingvarious models reported by different
research group$4]i[6]. The coefficients forelectrors were slightly adjusted based on the
Konstantinov model tachievebetter alignment between the model axgerimental result3.he

eqguations representing the adjusted coefficients are as follows:

8

| @ wprmAgp w wd Qfp
pirx pmm ° .
I o&¢ prmAgD —0 wd Qf

The condition for avalanche breakdowna diode occurs when the impact ionization rate
reaches infinityThe total number of electremole pairs generated in the depletion region, resulting
from a single electrehole pair that was initially created a distance x away from the junction, is

mathematically expressed by equations derilvgd
0w p | 0 o Qw | 0 0 QwQ g
where W is the width of the depletion region. A solution for this equation is given by:
0 @ - mA@GD | | Qu Q&

where M(0) is the total number efectrorhole pairs at the edge of the depletion region. Using

eq.3 with x=0 provides a solution for M(0):
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Using this expression in E4.gives:
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The multiplication coefficient, M(x), represents the total number of elettoda pairs created in
response to the generation of a single eleegtae pair at a distance x from the junction, provided
that the electric field distribution alongpe impact ionization path is knowithe avalanche
breakdown condition is defined as the point where the total number of elacleorpairs
generated within the depletion region approaches infinity, which corresponds to the multiplication
coefficient M beoming infinite. The condition of infinite multiplication coefficient (M) that

defines the avalanche breakdown is achieved by equating the denominato td Eero
I A@D | | QoQwn p QK

The lefthand side of Eq7 is commonly referred to as the ionization integral and is used in the
analysis of avalanche breakdown in power devices. It is a common practice to determine the
voltage at which the ionization integral equals uni#yssuming that the impact ionization
codficients for electrons and holes are equal, the avalanche breakdown condition can be expressed

as:

| Qop QAY
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2.3. EDGE TERMINATION

The edge termination structures are required for the power devices. The finite area of a power
device leads toytindrical or spherical junctions at its edges, which in turn result in high electric
fields. This high electric field causaseduction in the breakdown voltage of the device. Therefore,
edge termination structures are necessary for power devices tmipgirthereduction in the
breakdown voltage from the edge of the device. A superior edge termination is particularly crucial
for 4H-SIC power devices to fully exploit their superior material properties for blocking
characteristics, such as low leakage current resulting fromwhietionsic carrier density and high
breakdown voltage due to the high critical electric field.

Various edge termination techniques have been proposed and demonstrat&i@npter
devices, including but not limited to field plate termination, resistitermination, bevel
termination, floating field rings (FFRs), and junction termination extension (FTERQ]. Out of
the various edge termination methodologies, FFRs and JTE have been utilized as the most widely
employed techniques in 48iC power dewies. However, the sensitivity of FFRs to the fabrication
process, which requires precise critical dimensions and a stable angle of the hard mask to maintain
high breakdown voltages, makes it difficult to use them as an edge termination structure.

A wide range of JTE structures &&een reported, including singt®ne (SZ)JTE, multt
zoneJTE, etched/mes3TlE, spacenodulatedJTE, and other modified forn41]i[17]. When
using JTEbased terminations, achieving a specified breakdown voltage is heavily depende
the implanted dose, making it critical to target an optimum charge in the JTE region. To improve
the process window, muione and etched/mesa JTE structures have been introduced since SZ
JTE is highly sensitive to impurity dose. However, the radiie approach necessitates additional

masking steps, which can make the process more complicated, while the etched/mesa JTE and
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Cathode

(b)
Fig. 2.4. A schematic crossectional view of PiN diodes (a) withoetige termination and (b)
with SZ-JTE.

related structures require precise control of the etching process to modulate the JTE charge.
Aiming to address the sensitivity of J¥ased terminations to impurity dose and process
variability, Ring Assisted (RA, Multiple Floating Zone (MF2), and HybridJTEs have emerged
as promising edge termination structureg]i [20].

In this chapter, SZ RA-, MFZ-, and HybridJTE structures for 1200 -xated will be

investigated and discussed, with a wide range of implantdbtses.

2.3.1.SNGLE ZONET JUNCTIONTERMINATIONEXTENSION(SZJTE)

Fig. 2.4 shows the crossectional view of PiN diodes without edge termination aitd &Z-
JTE. Without edge termination structure was utilized as a reference to demonstrate the critical role

of edge termination structures. In the-$FE structure, a lightly dopedtipe region, referred to
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Fig. 2.5. A simulated breakdown voltage of S4E as a function of JTE dose.
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Fig. 2.6. A simulated electric field of PiN diodes without edge termination and witdT¥&Zas a
function of distance.

as a junctiorterminationextension (JTE), is placed adjacent to the P+ main junction. The primary
objective ofimplementingthe SZJTE structure is to reduce the electric field crowding at the P+
junction by creating an additional electric peak at theodtide SZJTE regionthereby enhancing

breakdown voltagess depicted ifrig. 2.5.
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Fig. 2.7. Simulated electric fid distribution of SZJITE with differentI TE doses.

The simulated electric field as a function of distance is presentEdyir2.6. The device
without an edge termination structure exhibits an abrupt electric field peak at the end of the P+
main junction, which leads to a low breakdown voltage of 515 V. Howthe§ZJTE structure
helps to mitigate electric field crowding at the P+ main junction by creating an additional electric
field peak at the end of the STE region, which contributes to an improvement in the breakdown
voltage.

The performance of the SETE is hidnly influenced by the width and implant dose of the JTE
(P-) region. The width of the JTE region should be at least 3 to 5 times the thickness of the drift
layer to ensure a high breakdown voltage with consistent devicdyi¢ld he breakdown voltage
of the device is determined by the dose of JTE, as demonstrategl 5. It is discovered that
the SZJTE is extremely sensitive to the dose for achieving high doeak voltages. When the
JTE dose is lower than the optimum dose, thel B cannot effectively alleviate the electric field
at the main junction, resulting in the highest electric field occurring at the P+ main jumaion

shown inFig. 2.7. On the other hand, a higher JTE dose compared to the optimum dose results in
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Fig. 2.8. A schematic crossectional view of PiNliodes with RAJTE structure.

a lower breakdownoltagesince the highest electric field occurs at the edge of the JTE region,
similar to the case without an edge termination struct@seshown inFig. 2.7. During the
fabrication process, incomplete activation of Aluminum and fixed charges of oxide can affect the
effective JTE dose, making it difficult to achieve the targeted JTE dose accurately. Due to the
sensitiviyy of the SZJTE structure and process variation, it is challenging to use it as an effective

edge termination structure.

2.3.2.RING ASSISTEOD JUNCTIONTERMINATIONEXTENSION(RA-JTE)

In order to resolve the sensitivity to dose, Ring Assisted {RA)E has ben introduced18].
Fig. 2.8 shows the schematic cressctional view othe RA-JTE structureThe insertion of a P+
floating ring in the SZITE structure caeffectively reduce the electric field at the P+ main
junction, particularly for lower JTE doses in comparison to the optimum dose. This approach
widens the process window and provides a direct solution to the issues associated with the
sensitivity of the &-JTE structure.

To fully utilize the benefits of P+ floating rings in the -SZE, the design of the RATE
structure should be optimized for the initial spacing between the first floating ring and the main

junction (), as well as the incremental spacibgtween subsequent floating rings)(She
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Fig. 2.9. A simulated breakdown voltage of SZE and RAJTE as a function of JTE dose.
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Fig. 2.10. Simulatecklectric field distribution of RAITE structure at low JTE dose.
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placement of the RAITE is defined by the equation:
YOV YE p
, Where Sis the corresponding spacing with respect to the number of rigigsth® initial spacing
of the ring from the main P+ junction;iSthe incremental spacing of the ring, and n is the number
of rings.

Based on the simulated results, the-RFE structure for 1.2 kV rating was optimized with S
of 4 iefm, 1 St nof,3.F@.r2.8shows the simulated breakdown voltagesZ-JTE and
optimized RAJTE as a function ofthe JTE doseRA-JTE provides a wider process window to
achieve Igh breakdown voltage compared to-$¥E by utilizing P+ floating rings in the JTE
structure. The P+ floating rings distribute the electric field of the main P+ junction in low JTE
dose, as shown irig. 2.10, enabling the device to achieve a high breakdown voltage with reduced

sensitivity to JTE dose.

2.3.3.MULTIPLE FLOATINGZONET JUNCTION TERMINATIONEXTENSION
(MFZ-JTE)

The RAJTE structure has been shown to widenpiteeess window for lower JTE desdo
further increase the process window for higher JTE slospared to the optimum dose of the
SZ-JTE structure, the Multiple Floating Zone (MFZPTE has been introducé¢i8], [19]. Fig.
2.11 depicts a schematic cresectional view of the MRITE structurewhich is designed to
implement a gradual distribution of the JTE dose. The dose in the JTE region is reduced through
the useof variable masking that gradually increases in dimension towards the JTE edge. This
approach achieves a similar effect as multiple consecutive JTE zones while only requiring a single

implant process. Each zone in the MFFE structure has an identicalsgobut is separated by a
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Fig. 2.11. A schematic crossectional view of PiN diodes with MFZTE structure.
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Fig. 2.12. A simulated breakdown voltage of SZEand MFZJTE as a function of JTE dose.

different space that increases from the main junction towards the edge of the termination structure.
This arrangement resultsagradual decrease in average charges in the JTE regions, as the width
ofeachzoneigr adual |l y decreased by the ratio of
zones (n) enabéghe implementation of MFATE for achieving a high breakdown voltage with a
wider process window, without the need for additional implant processes. Batbexisimulated

results, the MFZATE structure foa 1.2 kV rating was optimizedwithb of 1. 05 and n
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Fig. 2.13. Simulated electric field distribution of MFZTE structure at high JTE dose.

Fig. 2.12 shows the simulated breakdown voltafe5Z-JTE and MFZJTE as a function of
the JTE dose. When the JTE dose is below the optimum dose, thed NE-gtructure exhilst
blocking characteristics similar to those of the HE structure. This is due to the insufficient
charge in the MFATE to mitigate the high electric field at the P+ main junction, which is similar
to the SZJTE structure. On the other hand, when thE ddse exceeds the optimum dose, the
MFZ-JTE structure achieves high breakdown voltages by distributing the electric field at each
zone as shown irfFig. 2.13, thereby reducing the electric field at the edge of the JTE region. It is
demonstrated that the gradual charge distribution of the JTE zones allows for a high breakdown

voltage at higher JTHoses, resulting in an increased process window.
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2.3.4.HYBRIDT JUNCTIONTERMINATIONEXTENSION(HYBRID-JTE)

Through investigation and analysis, it has been determined that the implementétedR/Af
JTE structure facilitates achieving high breakdown @ at lower JTE dosewhereas the
utilization ofthe MFZ-JTE structure widens the process windavhigher JTE does. Following
the aforementioned optimizations of both the-RFE and MFZITE structures, the establishment
of a HybridJTE can be achiedeby combining the RAITE and MFZITE, as detailed in
referenceq[18], [20]. Fig. 2.14 shows a schematic cressctional view ofthe Hybrid-JTE
structure.

One of theprimary issues concerning the edge termination ofS4Ei devices based on JTE
is their sensitivity to JTE charge. Achieving the targeted JTE charg®lienging in 4HSIC,
primarily due to the incomplete activation of Aluminum and the impact of fixecgebawhich
results in considerableariations in the charge. However, the Hyb}BE approach overcomes
this challenge by allowing a wide range of JTE doses to achieve high breakdown voltage through
the superposition of RATE and MFZITE. At low doses, R-JTE plays a crucial role in

achieving high breakdown voltage, whaehigh doses, MFATE widens the process window.

RAJTE (60 ym) MFZJTE (60 um)

Anode "
P BEE ¢ |

HybridJTE (120 pm)

N- Drift Laye

Cathode

Fig. 2.14. A schematic crossectional view of Hybridd TE structure.
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Fig. 2.15. A simulated breakdown voltage of SZE, RAJTE, MFZJTE, and HybrielTE as a
function of JTE dose.
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Fig. 2.16. Simulated electric field distribution éfybrid-JTE at lower JTE dose and higher JTE
dose when compared to the optimum dose.
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Fig. 2.15 shows the breakdown voltage as a function of the JTE doS&-4TE, RAJTE,
MFZ-JTE, and HybriddTE. The Hybrid-JTE structure provides a significantly widgrocess
window, effectively addressing the sensitivity to JTE dose observed inbda$éd edge
termination.A simulated electric field distribution for HybA3TE with diferent JTE dosess
shown inFig. 2.16. It is evident that RAITE plays a significant role in supporting most of the
electric fieldatlow doses, while MFZ-JTE demontsates an improved ability to manage the electric
field distributionat high doss.

In conclusion, the Hybrid TE approach allows for fabrication with a wide process window
of JTE dose, without significant concern for variations in JTE dose, ensuringdiffirmance

device fabrication.

2.4.CHALLENGE OF1.2kV 4H-SIC MOSFETSs

Despite optimization and development efforts since the commercialization of SiC MOSFETS,
they still face several challengssch ascost, channel mobilityhiasinducedthresholdvoltage
Instability (BTI), high temperature reverse bias (HTRR)Jy diode degradatioand shorcircuit

characteristics.

2.4.1.CosT

The cost of 1.2 kV 4F8iC MOSFETS is approximately three times higher than that of 1.2 kV
Si IGBTs[21], [22]. Despite the potentiddenefits of using SiC MOSFETS to reduce system cost,
weight, and volume, the higthip cost remains a significant barrier to rephacSi counterparts.
There are several factors that contribute to the high cost of SiC MOSHESEsthe cost of SiC

wafersis higher than that of Si due to the significantly higher growth temperatures required and
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the smaller diameter of the fea size[23], [24]. Furthermore, the manufacturing process for SiC
devices is more expensive due to the need foreniggmperature processes and leigenergy
implantation compared to Si devices.

Various strategiestill exist to reduce the cost of 46IC power devices, including largeale
production on 4FSiC wafers, optimizing the active area and edge termination structure to reduce
chip size,developing advared packaging schemesuch asdoublesided cooling to reduce the
thermal resistanc@nd condcting most implantations at room temperature, except for P+ body
implantation[25]i [27]. Moreover, channeling implantation can be usefbtm a deep junction
usinglow energy implantatiof28], [29].

Fig. 2.17 (a)illustrates theeffect of specific ofresistance on the active area. Townulation

for calculating theactive areas as follows:

where A denotes the active areaggresentthe thermal resistance;naxis the maximum junction
temperature, dJis the case temperaturd,is the temperature coefficient, angn_sooxis the
specific onresistance atoom temperaturéRT). The termal resistanaalueof 0.068 [Kcnt/W]
wasadopted fronj25]. It can beexpeced thathe active ares proportional to the square root of
the specific orresistance. Iirig. 2.17 (a), thereduction inactive area was calculated by comparing
Ronsp Of 2.0 mohmcm?. Achieving a 2.5 times lower specific wasistance resulted in
approximately a 37% reduction in the active afidgese signitant improvements can be attained
by enhancing the channel mobility and increasing the cell density.

Fig.2.17 (b) shows thehe chip size and chip size reduction as a functighexfurrent rating

depending on edge termination widtA$e total chip sizeencompassethe summation of the
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active areaperiphery area, edge termination, and dicing line. The reduction in the chip size was
calculated by comparing the edge termination of60 Lower current rating devicesotably

affected by the width of edge termination structuBgsecifically, at a cuent of 20 A, the chip

size was reduced by 10.4% and 5.4% when the edge termination width was decreased from 180
em to 60em and from12@m to 60em, respectively. The reduction in edge termination width can

be achieved by utilizing RATE instead of Hybd-JTE, once the JTE structure is optimized.

The impact of thermal resistance on tlve sizeis depictedin Fig. 2.17 (c), considering a
device with aspecific onresistance of 3.5 mohen?. As mentionecearlier advancements in
packaging technologguch as doubisided cooling or flipchip techniques [25kanhelpreduce
thermal resistancand subsequently decreasee active size of the devices. However, it is
important to take into account thedditional costassociated withimplementing dvanced

packaging technolaogs

2.4.2. CHANNELMOBILITY

4H-SiC allows foramuch thinner and higher doped drift layeapable of supporting a given
breakdown voltage when compared to Si-8i& MOSFETs have beeaxtensivelyresearched
and developed as a potential sg@ment for Si IGBTs due to their superior material properties
Despite the lower drift resistance of 4#C, achieving aignificantreduction inthe specific on
resistance of.2 kV4H-SiC MOSFETS has been challenging due to the low channel mobiigy.
critical issue ofhegate oxide has beeaportedegarding the high interface state density)@nd
rough surfacewhich dramatically redueschannel mobility.

Channel mobility is limited by surface phonon scattering, Coulomb scattering, and surface

roughness scattering. Moreover, electrons in the channel are subject to the same scattering
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mechanisms as those in the bulk. The total channel mobility is assumed to result from

Matt hi es[30[B1:s rul e

whereeg is the bulk mobility,epnxis the mobility due to surface phonon scatteriggis the
mobility due to Coulomb scattering, angris the mobility due to surface roughness scattering.
The channel mobility of 4¢6iC MOSFETS is significantly influenced by Gomb scattering and
surface roughness. During typical operating conditions, particularly at low gate voltages, the
channel mobility in SIiC MOSFETSs is primarily affected by Coulomb scattering caused by interface
traps and fixed oxide charg¢32], [33]. At low gate voltages, the inversion charge in SiC
MOSFETSs is significantly lower, but the number of occupied traps is relatively high. This leads to
a small screening effect and a substantial Coulomb scattering of mobile charges by occupied traps
and fixed clarges, causing a dominant degradation mechanism of channel mobility. On the other
hand, wherthegate voltage is high, the inversion charge in SiC MOSFETSs is significantly higher,
resulting in an effective screening effect on the occupied traps and ¢ldecfiarge. This results
in a decrease in the impact of Coulomb scattering and an increase in the influence of surface
roughness on the degradation mechanism of channel mobility.

Dry oxidation of 4HSIC MOSFETSs has been shown to result in a high interfapedensity,
leading to a peak channel mobility of approximat2lgn?/Vs [34]. Post oxidation annealing
(POA) in nitric oxide (NO) or nitrous oxide(N20O) has been shown to significantly reduce the
interface trap density, resultingahigh channel mobility of approximately 30 éivis [34], [35].
Several researajroupshave reported peak channel mobility exceeding 100%vs at low gate
voltages using various gate oxitiges including Phosphorudoped gate oxide, AlO3z, and

Lanthanun Silicate with atomic layer deposited Si{36]i[38]. However, mobility starts to
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decrease rapidly with increasing gate voltagenong these methods, post oxidation annealing
(POA) in nitric oxide (NO) has become a standard process in SIC MGS#&d to its
effectiveness in reducing interface trap density while maintaining gate oxide religg&lity
Another important factom increagng channel mobility is the redtion of theeffective
normal field toenhancemobility caused by surface roughness. &cefroughness scattering is
inversely proportional to the square of the effective surface field:
80

P

o .
O — U
C
where E is the effective normal field, Qis the sheet charge density, angliQthe charge per

unit area in the depletion region.

~

0 0 cw q )
where[ ris the bulk potentialThe higher bandgap energy and lower dielectric constant of 4H
SiC compared to Si result in a higher effective normal field, which leadsote degradation
caused by surface roughness in8i€. The lower channel doping concentration was designed to
reduce the effective normal field, and thus higher channel mobility was acluengzhred t@a
higher channel doping concentrati@®], [40]. To further enhancehannel mobility MOSFETSs
with the accumulation mode channeltgpe channel) have been proposed and develptigd
[42]. The wide bandgap material of 45C createalarge builtin potential, making it possible to
utilize ann-type chanel for nNMOSFET, which are typically designed as normadiff devices
Utilizing an accumulation mode channel in -8 MOSFETs has twearucial benefits for
improving channel mobility. Firstly, it reduces the effective normal field, which can increase

mobility for surface roughness. Secondiitrogen implantation to create thecumulation mode
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Fig. 2.18. A schematic crossectional view of FATFET structure: (a) accumulation mode
channel and (b) inversion mode channel.
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channel can reduce interface traps, resulting in improved mobility caused by Coulomb scattering
[43], [44].

Fig. 2.18 shows a schematic cressctional view othe FATFET structurewhich isalateral
MOSFET with long channel lengths: (a) accumulation mode channel and (b) inversite
channel. Boththe accumulation and inversion mode chasnede thermal gate oxide with NO

POA.
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Despite utilizing the accumulation mode channel with NO POA, the maximum channel
mobility remains limited taapproximately 25cn?/Vs, resulting in high channel resistanes
shown inFig. 2.19 (b). Unlike the ideal universal curve, the experimental results exhibited low
channel mobility attributed to high interface trBjue to thesignificantimpact of channel mobility
on the orAresistance of 1.2 kV 4$iC MOSFETS, shorter channel lengths are requirednionize

the effect olow channel mobilityf45], [46].

2.4.3.BIAS- INDUCED THRESHOLDVOLTAGEINSTABILITY(BTI)

In high-power applications, devices avéien connected in parallel to increase the maximum
current. The parallelization efficiendg influenced by the matching of the -cgsistance and
threshold voltage of each device. The qumiform degradation ahethreshold voltage caused by
biasinducel thresholdvoltage Instability (BTI) can result in uneven current distributions within
the system, leading to degraded commutation efficiency and increased module tempftfiture
[49].

A positive shift of the threshold voltage can lead to a reduction in the overdrive of the on
state, resulting in an increase in the channel resistance of individual devices. This degradation in

efficiency can result in an increase in static losses and module tempddaitumg.fast switching,
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Fig. 2.20. Threshold voltage shifts for (a) positive b&isess and (b) negative bistsess of
fabricated MOSFETSs with different gate oxides and POA conditions.

parasitic turron may occur due to a gradual negative drift of the threshold voltage caused by BTI,
causing the device to havehmeshold voltageelow a critical valu¢47].

BTI is predaninantly caused by the presence of interface trapped charges such as dangling
bondlike or vacancylike centers and border traps including oxygen vacancies, interstitials,
carbondimers, hydroxyl E' centers, or silicarxygen bonds with wide Si-O anglesand
elongated bond lengfd7]. The poor BTI characteristics of 46iC MOSFETs can be attributed
to the inferior quality of the gate oxide caused by high interface trapped charge and border traps,
combined with the narrower band offsets due to the tdael gap of 4FBIC, which increases the
tunneling probabilityf47]i [49].

Fig. 2.20shows the threshold voltagaifts for positive biastress and negive biasstress of
the fabricated MOSFETSs with different gate oxides and POA conditions. Diueldetter quality
of thermal oxidation, thermal gate oxide provides lowgrstifts regardless of POA conditions.

To minimize the threshold voltage shiftused by BTl in 4K5iC MOSFETS, thermal oxidation is

required.
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2.4.4.HIGH TEMPERATURE REVESE BIAYHTRB)

During high temperature reverse bias (HTRB) test, the failure i@HVOSFET2ccursin
the middle of the JFET region. The device failure is due to the sudden rise in the gate leakage
current rather than an increasehedrain leakage currenffter undergoing stress testing, failed
devices exhibit a faulty or shorted gate oxide, algothey still possess low leakage while
blocking voltagd50]i [52]. 4H-SiC MOSFETSs exhibit a high surface electric field (>1 MV/cm)
in the JFET regionMoreover, the low dielectric constant of the gate oxide further increases the
electric field in the gatexide.As a result, the gate oxide breakdown occurs under HTRB testing,

leading to device failure.

Maximum Efield
JFET region

226406
1.1e+06
Mo0.0e+00

Fig. 2.21. A simulated electric field distribution of 48iIC MOSFETsatadrain voltage of 1200
V.

Fig. 2.21 showsa simulatecelectric field distribution ofiH-SiC MOSFETsatadrain voltage
of 1200 V. As mentioneckarlier, the maximum electric fidloccurs at the gate oxide in the middle

of the JFET regionlo mitigatethe maximum electric field in the gate oxigledimproveHTRB,
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Fig. 2.22. Degradation of the8quadrant 3-Vp characteristics of (a) MOSFETs and (b)
JBSFETSs before and after stresspatof -5 A and \&sof -5 V.

several strategies can be implemented, sucbptimizing the design of theJFET egion and

implemening a deep Rwvell.

2.4.5.BODY DIODE DEGRADATIN

In power electroni@applications, the internal body diodedd-SiC MOSFETsan beutilized
as a freavheeling diode However, 4HSIC MOSFETsface a critical issueconcerningthe
degradation ofhe body diode. Despite significant reductof Basal Plane Dislocations (BPDs)
in boththe 4HSIC substrate and epitaxial layer, there stithainsome BPDghatcan affect the
d e v i pertoidnanceafterprolongedoperation othebody diode.

In a stidy conducted bi{b3], [54], it has been reported that 4HC MOSFETSs exhibit body
diode degradations after stress. When tngymction body diode is forward biased, electhmte
recombinatiortakes placén the drift layer, providing energy to actieatlislocation glidewhich

leads tothe formation ofstacking faults (SFs). The SHsanifestas triangular defects when
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observedrom thed e v i surfa@ sand their sizeiisfluencedby the thickness of the drift layer.
Consequentlythe carrier lifetimeand mobility in 4HSIC MOSFETs are reduced due to the
activation of dislocation glideesulting in thedegradation ofhe conduction behavioin the F
and 3! quadrans. Additionally, the SFs introduce electronic statéhin the bandgap of 41$iC,
which act as generation centers and reduce the lifetime, resulting in increased leakage current in
the blocking modenderfurther stres$s3].

Fig. 2.22(a)illustratesthedegradation of theBquadrantd-Vp characteristics fatheinternal
body diode before and after stregsth anlps of -5 A and Vss of -5 V. Despiteimprovements in
thequality oftheepitaxiallayerandthe utilization of ahin epitaxial layer in the fabrication of 1.2
kV 4H-SiC MOSFETS, a slight degradation of the body diode has been observed.

Toaddress the issue bbdy diode degradatioit,is crucial to suppress bipolar operatidhis
can be achieed by utilizing MOSFETs with integrated channel diodigsinction barrier Schottky
diodes, known as JBSFETs. These devices etthblenipolar operation and eliminate the need
for reliance on the internal body diof&]i [57]. By suppressing bipolar operation during the third
guadrant characteristics, JBSFETs exhibited no degradation after stress measurements, as shown

in Fig. 2.22 (b).

2.4.6. HORT-CIRCUIT (HARACTERISTICS

The occurrence of a short circuit in power electronic systeansbeattributed tocontrol
errors or load failure, resulting in thermationof a low resistance path within the system. The
fault current in power electronic systems is limited by the internal resistance of power

semiconductor device&dditionally, the duration for which the device can withstand the short
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Fig. 2.23. The tradeoff relationship between specific @asistance and shecircuit withstand
time in 4HSIC planar MOSFETR15], [58], [65-70]. The shorcircuit characteristics were
evaluated at Y of 20 V and \4sof 800 V.
-circuit (SC) condtion depends on thBC-link voltage applied across the devit®hen power
semiconductor devices are exposed to curgtsficantlyhigher than their operating current and
high DCIlink voltage, they are subjected to high power dissipatidrich canultimatelylead to
device failure.Suchfailure cansubsequently causadditional failuresin system components.
Therefore, the ability of power semiconductor devices to withstand-aincuit conditions for a
extendedperiod known as the shedircuit withstand time (SCWT), is a critical factior their
suitability foruse in power electronic applicatiofi8].

TheSCcharacteristicef 1.2 kV 4HSIiC MOSFETSs are inferior to those of 1.2 kV Si IGBTSs,
primarily due to thecomhnation ofhigh maximum drain current and electric field across the drift
region The low specific ofresistanc€Ron sp and high critical electric fieldf 4H-SIC MOSFETSs
contribute to these factofs8]i [60]. Consequently, the high power dissipatiorutesin elevated

junction temperatures, leading to a reduction in the stwait withstand time of 4F6iC

MOSFETs
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Fig. 2.24. The tradeoff relationship between specific @asistance and shecircuit withstand
time in 4HSIC trench MOSFETwith conventional, sersuperjunction, and fuuperjunction
[71]. The shorcircuit characteristics were evaluated g¢ & 20 V and \4sof 600 V.

Variousresearch groups haweade effortgdo enhance the shectrcuit characteristics of 4H
SiC MOSFETSs, buthey encountelimitations due to the tradeff betweenRonspand SCWT.
Proposed pproachesinclude reducing channel/JFET densitgiecreasing source doping, and
loweringthe gate voltageo improve SC characteristif81]i [64]. However,these method&nd
to increaseRon,spWhile improving SCWT.

To overcome theconventional tradeff relationship between &Rsp and SCWT,a narrow
JFET width with an enhanced JFET doping concentration andieep Pwell structurecan be
utilized. These design modifications help supprélse maximum drain current during SC
conditions thereby addressing the trad# issue

Fig. 2.23 shows he tradeoff relationship between specific @asistance and shecircuit
withstand time in 4K5iC planar MOSFETE15], [58], [65-70]. Group2 exhibits asuperiortrade

off relationship comparedGroup 1, thanksto welloptimized cell structuseand processs
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However, Group3, which employsthe deep Rwvell structure achieves improved tradeoff
relationship [69], [70]. To further enhance thistradeoff relationship the utilization of
superjunctior(SJ) technologgan be utilized.

Fig. 2.24depictsthe tradeoff relationship between specific @asistance and shectrcuit
withstand time in 4k5iC trench MOSFETwith conventional, serJ and fulkSJ[71]. Trench
MOSFETs, owing to their high channel mobility, offer improved specificresistance.
Additionally, the long shottircuit withstand time observed Fig. 2.24can be attributed to the
utilization of low drain voltages during the sheitcuit meastementsNotably, t was discovered

thatboth thesemtSJ and fulSJ providea significantlyenhancedradeoff relationship.
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Chapter 3

Optimization of JFET and P-well Implantation for 1.2kV 4H -
SiC MOSFETs

3.1.INTRODUCTION

4H-SiC MOSFETs offer high breakdown voltage (BV), low specifieresistance (R,sp,
and fast switching speed when compared with Si IGBTs [1]. EspeciallkviratedMOSFETSs
have been developed for utilization in hybrid electric vehicles (HEV) andgbectic vehicles
(EV). In order to improve the characteristics of 1.2 kV SIiC MOSFETS, various processes and
designs have been reported. Due to the prevaler{SOinterface traps and the resultant low
channel mobilitymostof the development in SiC ®SFETs has focused on reducing channel
resistance [&5]. In [671 8], the importance of JFET resistance inEiOSFETshasbeen reported.
Even though JFET design largely affects the characteristics of the MOSFETs as much as channel
parameters d¢9], the importance of the JFET andwRll implants has not been inclusively
discussed; Especially, detailed research on the effect of depth of JFETwaidifmplants has
been lacking. In addition, the impact of the high channel mobility on the -chcuwit
characteristics hasndét been reported.

In this paper, the influence of deep JFET anddél implantsin 1.2 kV MOSFETs was
investigated with respect to static characteristics and-shiodit ruggedness. 43iC MOSFETs
with nominal implants for JFET andwell, deep JFET implants, and deepvBll implant have
been successfully fabricated and evaluated 6+inch SiC substrate. Channel lengths and JFET
widths were varied to compare the depth of implants for JFET aweéllPon performance

outcomes and shiseircuit ruggedness. For sharircuit characteristics, theffect of the channel
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Fig. 3.1. The schematic crossectionaliews of 1.2 kV MOSFETs with (a) nominal implants,
(b) deep JFET implants, and (c) deew @&l implants.
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Fig. 3.2. The crosssectional SEM images of the fabricated RV24H-SiC MOSFEB with Lcnh of
0.5pum and Wirerof 0.8um for (a) nominal, (b) deep JFET, and (c) deepdd implants

mobility was also examined. In order to understand this influSegaurugD-simulations were

used.

3.2.DEVICE DESIGN

Fig.3.1(a), (b), and (c) show the schematic crssstional views of MOSFETs with nominal

implants, deep JFET implants, and deepdf implants, respectively. The depth of JFEWEI
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was designel 0 be approxi mately O0.6/0.7, 0.9/0. 7, a |
deep Pwell implants, respectively.

The optimization othe channel region is inevitable for 1.2 kdted 4HSIC MOSFETs due
to the high proportion of the channel resistamaeof total orresistance. In parall@lith the effort
of improving channel mobilitythe implementation of a short channel length is preferable.
However, the reduced channel length would increase the leakage current under the blocking mode
of operatior{9]. As the design of JFETARell and its resultant static/ruggedness performances are
closely linked with the channel design as well, various channel lengths (LO. 3, 0. 4, and
with hal-FJFET width (Wrer) of 0. 8 em wer e fabricated.

In addition the optimization of the JFET region is crucial as it determines not only the specific
ontresistance, but also the leakage current and-skrottit withstand time (SCWT[Q], [10]. On
the one handhe deep JFET structure, combined with enhanced dogivadples the JFET width
to be narrowed while enhancing conduction performance without compromising blocking
behavior.Also, deep JFET, implementing a current spreading layer (CSL), provides additional
improvement in forward conduction due to low JFET resistance. On the otheakiaeg, Pwell,
shielding the channel better from high drain bias, would improve blocking belzend 8CWT,
but causes R spto increase requiring a wider JFET width. To fihe optimum cell design for
deep JFET or#vell structures, different halfFET widths (\Wrer= 0. 6, 0. 7, 0. 8, an
Lmof 0.5 em were fabricated.

To effectively evalate the proposed structures, an efficient and stable (against process
conditions) edge termination structure is requirAdHybrid-junction termination extension

(Hybrid-JTE) was designed to achieve nahgal blocking behaviorg 1].
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3.3. DEVICE FABRICATION TECHNOLOGY

The devices were fabricated at Analog Devices, Inc. (ADI) fabrication facility in Hillview,
San Jose, CA, U$9]. For the implementation of the different JFET an@/@&l implants,three
wafers were fabricated using the same process basééirieus designs of MOSFETS with 3¢t
= 0.6, 0.7, 0.8, and 0.9 pm anehE 0.3, 0.4, and 0.5 pm were included in the same mask set. A
10 um thick drift layer with Nepi doping concentration of about 8*1€m 2 on a 6inch, N+ 4H
SiC substrate was usedrfthe fabrication of 1.XV MOSFETs. Aluminum and Nitrogen ion
implants were utilized to form-®ell/P+body/JTE, and JFET/N+ source, respectively. JFET and
P-well profiles were designed to achieve an accumulation mode channel for higher channel
mobility [3]. After implantation steps, a 1650 °C-ffin activation anneal with a carbon cap was
conducted. A 50 nm thick gate oxide was formed by D@ltrathin thermal oxide (2 nm) with
48 nm of deposited oxide, followed by a post oxidation anneal (POAyOnahbient to improve
the channel mobility. The #/pe polysilicon was deposited and patterned for the formation of the
gate.After interlayer dielectric (ILD) was deposited, patterreet etched to make ohmic contact
regions, Nickel (Ni) was deposited on tinent side, followed by rapid thermal annealing (RTA)
for the selfaligned silicidation process. Next, unsilicided Ni metals were removed and annealed
by a 2 minute RTA at 965 °C for the front side ohmic contact. Backside weetadlso deposited
by Ni, followed by the same RTA process. A 4um thick Ti/TiN/Ahsdeposited as the source
and the gate metal. Silicon nitride and polyimide were used for passivation on the frontside. Finally,
a solderable metal stack was deposited on the backside. No substratgytprocess was adopted.

Fig. 3.2 shows the crossectional scanning electron microscope (SEM) images of the fabricated

MOSFETSs for nominal, deeg-ET, and deep-®ell implants.
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3.4.RESULTS ANDDISCUSSIONS

3.4.1.JFET/PWELL DESIGN VARIATINS

Fig. 3.3 (a) shows output characteristics of the fabricated SiC MOSFETs with channel length
(Len) of 0.5 pm and haldFET width (Wrer) of 0.8 um. MOSFETs with different implant
conditions weraneasured at gaturce biases of 0 to 20 V with 10 V steps. The specific on
resistance of the measured MOSFETS is extracted asgatee biases @4 of 20 V and drain
source biases @4 of 0.1 V. For nominal, deep JFET, and deepd¥ implant for MOS-ETs with
Lch of 0.5 pm and Weer of 0.8 um, the oawafer level Rnspar e 4. 68, 4.-d2, and
respectively. The difference in the conduction behaviors originates from the JFET resistance. The
MOSFET with deep JFET offers a better conduction bienawue to reduced JFET resistance. As
shown inFig. 3.3 (b), regardless of implant profiles, short channel lengths provide lower specific
on-resistace due to the reduction in channel resistance.

In order to clarify this behavior, Sentaurus 2D TCAD was uBgd 3.4 (a) shows the cross
sectional Yew of simulated 1.2 kV MOSFETs withcdof 0.5 pm and Weer of 0.8 pm. The
simulated structures were configured based on4lelPand JFET implant profiles shownkig.

3.1 and Fig. 3.2. As previously mentioned, the JFET andvBll implants determine current
conduction behaviors. 2D simulations clearly show how current density distributions are affected
by deep JFET and-Rell implants;Fig. 3.4 (b). Deep BET implants contribute to the reduction

in lateral and vertical depletion regions at the bottotheP-well region, resulting in larger cross
sectional areas for electrons to flow (i.e. a CSL), which in turn generates lower specific on
resistance. Convsely, deep Rvell implants causanincrease in depletion regions constricting

the flow of electrons. When the JFET implant is deeper th@R-well implant, resulting in the
removal of thevertical straggle of Aluminugras shown irFig. 3.4 (a), the significantlymproved
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Fig. 3.3. (a) Measured output characteristics of MOSFETs witlof.0.5pum and Weetof 0.8
pm with different implant conditions (room temperature), and (b) Summary of measured specific
onresistances depending on the channel length. It should be noted that all measurements were
conducted otwafer level anda 107 15% reduction in omesistance iexpected from packaged
devices, according to our previous results.
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Fig. 3.4. (a) The crossectional view of simulated 1.2 kV MOSFETSs witk, bf 0.5um and
W rerof 0.8um. (b) Current densityistribution in simulation at  of 20 V and =1 V.
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conduction behaviors were achieved. It should be noted that JFET implants should be deeper than

P-well implants in order for higher conduction behavior to beeaad.

3.4.2.JFET/PWELLDESIGNVARIATIONS WI'H DIFFERENTLcH

Fig. 3.5 shows the forward blocking behaviors of the fabricated MOSRETh different
channel lengths for different implant conditions. Regardless of implant condition, high blocking
behaviors with aignificantly low leakage currentareachieved for all MOSFETSs withchannel
length of 0.5um. In contrast with the output characteristics, MOSFETSs with shorter channel length
havea deleterious effect on the blocking capability, resulting in the isered leakage current
and the reduction in breakdown voltage (BV) under the blocking mode. Breakdown of MOSFETSs
with shorter channel occurs due to the increase of leakage current argyinatn the channel,
not as a result of avalanche breakdown. Thiseisausgefor a shorter channel, channel potential
(potential barrier formed in the channel) easily collapseter the high drain voltages. However,
deep Pwell with shorter channel lengths provides higher breakdown voltage when compared with
others becaethe channel is effectively protected (i.e. shielded) by the deegllPsuppressing
leakage current from the channélig. 3.3 and Fig. 3.5 clearly demonstrate the tradé
relationship betweendRspand BV in regards to the channel length and JFEEP depths.

In order to further explore the effect of channel length under the blocking mode, simulated
electrostatic potential near the surface, starting at the N+ source, proceeding through the channel,
and ending in the JFET region{®A 06 s h d¢ig. B.4) was extracted atd/of 1500 V, as shown
in Fig. 3.6 (a). Simulation demonstrates longer channel lengthalt@gyer and thicker potential
barrier, thus providing lower leakage current. Baseligr8.6 (a), channel potential was extracted

at Vgsof 1500 V to examine the impact of depth in JFET aiveeR regions. As shown iRig. 3.6
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Fig. 3.5. Measured forward blocking behaviors of the fabricated MOSFETSs witker\df 0.8
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Fig. 3.6. (a) Simulated electrostatic potential at channel region of MOSFETSs with ewepp P
implants (s=0V, V¢s=1500V) and (b) summary of channel potentiak{&0 V, Vas=1500V).

(b), in contrast with the output characteristics, deepel allows the improved characteristics

under the blocking mode duedtarger depletion region itheJFET regiorthat effectively shields

the channel, resulting in a higher channel potentiathEumore, for MOSFETs with deepvirll,

the change in channel potential with respect to channel length remains the lowest, as observed by
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comparing the slopes of the lines plottedrig. 3.6 (b). These results mean that MOSFETS with

deep Pwell allow the use o short channel lengtbf 0.4 um to achieve lower eresistance while
maintaining low leakage current and high breakdown voltage. Moreoveuyseful in creating a

more robust and forgiving MOSFET fabrication process, as any resulting channel length
imbalances due to misalignment betweendd and N+ source implants do not produce the same
negative performance outcomes typically observed wkerg the nominal MOSFET structure. It
should be noted that here channel misalignment refers to one side of the MOSFE€I haiing

a channel length that is shorter, and the other side having a channel length that is longer, than the
designed channegihgth. Thereforethe blocking behavioof the nominal MOSFET structure is
dictated by the length of the shorter side of the channel; a problem less prominent when

implementing a deep-Rell.

3.4.3.JFET/PWELLDESIGNVARIATIONS WITH DIFFRENTW;FeT

In order tofurther examine the impact of JFET anavBll implants, MOSFETs with et
of 0.6, 0.7, 0.8, and 0.9 um were also fabricated on the same maklgsgf7 (a) shows output
characteristics of the fabricated MOSFETs with nominal implagt£L0.5 um) using different
JFET widths. The conduction behaviors increase, resulting in lengpRthen JFET width
increases. The difference in thengoriginates from JFET resistance.Rig. 3.7 (b), the impact
of deep JFET and deepwrll on Rinspis also observed. The optimum JFET width for teem
P-well structure is much larger than the one floe deep JFET structure. This is due to the
difference in the effective JFET widtlespitethe same designed )+ The deep Rvell hasa
large lateral straggle due to the high energy implantation,rgatie narrow effective JFET width

as shown irFig. 3.8. Moreover,alarge depletion region occurs in the deewédl, reducing the
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Fig. 3.7. (a) Measured output characteristics of the fabricated MOSFETs with nominal implant
and different JFET widths ¢k=0.5 pm). (b) Summary ofspecific onresistancevith different
implant conditions depending on JFET width.
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Fig. 3.8. (a) The crossectional SEM imagef the fabricated 1.RV 4H-SiC MOSFEB with Lch
of 0.5 um and Wyrerof 0.8 um for (a) nominal and (b) deeparell implants.

effective JFETwidth and increasing the JFET depéls shown irFig. 3.4 (b). It is important to
note that the deptbf both JFET and #vell is considered when optimizing JFET width; Narrow
JFET width with deep JFET implants can be designed to improve BV withgadive impact on
Ronsp Fora deep Pwell structure,a wide JFET region is required to provide low specific on

resistance.
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Fig. 3.9. (a)Measured forward blocking behaviors of the fabricated MOSFETs with nominal
implant and different JFET widths {&£0.5 um) (b) Summary of measured breakdown voltage
and simulated channel potential at¥f 1500 V with different implant conditions depenglion

JFET width.

Fig. 3.9 (a) shows measured forward blocking characteristics, for various JFET widths of the
fabricated MOSFETs with nominal implksnRegardless of JFET width, significantly leakage
current and high breakdown voltage were achieved. In contrast with MOSFETs with shorter
channel (kn= 0.3and0.4 pm), MOSFETs with varied JFET widths provide high breakdown
voltage with low leakageurrent due to longer channel lengthn(E 0.5 pm). When channel
potential is high enough to suppress the leakage current through the channel under the high drain
voltages, avalanche breakdown generally becomes dominant. Furthermore, as shigw8.9n
(b), regardless of implant condition, breakdown voltage increases when JFET width decreases;
with breakdown occurring at the edge of thevéll. Narrow JFET width provides a greater
shielding effect between-Wells, contributing to high breakdown voltage. It is important to note
that change in BV as a function of JFET width is small for deeglPstructure due to the narrow
effective JFET width, as shm in Fig. 3.4 (b).

However, when compared with other implant

conditions,the BV of MOSFETs with deep #ell slightly decreases due to the reductiorthe

86



effective drift layer thickness caused by the formation of additiowetIP
The depth of implants regarding different JFET widths was also studied usisigh2ilation.
The decreased JFET width provides the incr@asbannel potential, as shownFig. 3.9 (b). It
is also demonstrated thatleep Pwell structure enables high channel potential due to its better
shielding effect. Whea shorterchannel is required to improve the forward conductaeep P
well structure and narrow JFET width are suitable to suppress the leakage current under the

blocking mode.

3.4.4. TRADEOFF BETWEENRonsp T SCWTAND DISCUSSION

The shortcircuit waveforms of théabricated MOSFETSs with Werof 0.6 um using nominal
implant are shown ifrig. 3.10 (a). The measurement for shaitcuit was conducted under the
following conditilms: RRo f 2 Qs ofcR) V, ¥nd \4s of 800 V at room temperaturEig. 3.10
(b) shows the drain current of fabricated MOSFETs with different gate pulse widthshentil
devices failed. At the beginning of the shaircuit condition, the maximum drain current4)
occurs, causing the increase of juncttemperature. Next, the drain current starts decreasing
because of the decredseelectron mobility at high tempatures.The smulated drain current of
MOSFETSs is shown itfrig. 3.10 (c). Thanks to the webptimized thermatelated simulation
models [10], the simulated SCWT welbrrespondsvith the experimental SCWig. 3.11 (a)
shows the drain current of the fabricated MOSFETs witheYWidth of 0.6 um using different
implants. It shows that shectrcuit withstand time is determined byak low Imax results in low
junction tenperatures, offering long SCWT. The differenceqigkbriginates from the JFET region
(resistance). As mentioned in forward characteristics, different JFET amellRmplants

contribute to the different effective JFET widths despite the same designed wWiBEiT
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Fig. 3.10. (a) MeasuredIsort-circuit waveforms of the fabricated MOSFETs with nominal
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Fig. 3.12. (a) Summaryf simulated tradeff relationship betweendrspand SCWT depending
on different implants with different JFET widthi{¥) The crosssectional view of simulated 1.2
kV MOSFETs with deep JFET andvirell implant (c) Designed implant profiles for channel

region and Pwell (B-B 6

) using SPROCESS.

Especially, under SC condition that is extremely high temperatures, the maximum saturation

current is largehaffected by the effective JFET widfh2]. The drain current of the fabricated

MOSFETSs withdifferent JFET widths using deep

JFET implants is showsngn3.11 (b). In the

same mannasdifferent implants, narrow JFET width provides lam resulting inong SCWT.

Fig. 3.12 (a) summarizeshe simulated tradeff relationship between Jrsp and SCWT

depending on the different implants with differen
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Fig. 3.13. Summary of simulated trag#f relationship betweendrspand SCWT depending on
(a) different implants with different channel lengths (b) different JFET widths and different
channel lengths with different channel mobilities for MOSFETs with deep JFET implant.

tradeoff relationship betweendrspand SCWT regatless of the implant condition. Although deep

P-well implant has long SCWT due to highn3, the deep JFET implant exhibits the better trade

off relationship because of the feasibility of narrow JFET wiBth. 3.12 (b) shows the cross

sectional view of simulated 1.2 kV MOSFETs with the deep JFET amellRmplant. MOSFETs

with the deep JFET and-well implant are conducted to improve SC charadiessFor

MOSFETs with the deep JFET anewill, the depth of JFEBnd P-well was designed to be
approxi mately 1. 3 ¢ nkiga8.i2dc)shows thedesjgned imglantpofiles v e | y
for thechannel region and-®ell using SPROCESR 3]. It is discovered that MOSFETSs witthe

deep JFET and-Rell implant provide muctimproved tradeoff relationship.

Summary ofthe simulated trad®ff relationship between drsp and SCWT depending on
different implants with different channel lengths is showfio 3.13 (a). MOSFETs with deep
JFET mplant showa better tradeoff relationship when compared to MOSFETs with nominal
implant and deep-Rell implant.

Summary othesimulated tradeff relationship betweendRspand SCWT depending on the
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TABLE 3.1. Summary of experimental and simulated results.

DEVICE Measured B,sp[mq -cn] MeasuredV [V] Simul at ed] SCWT
) Deep Deep P ) Deep Deep P ; Deep DeepJFET

STRUCTURE Nominal JFET well Nominal JFET well Nominal JFET Deep Pwell |~ el
Wire=0.9um 4.43 4.09 5.25 1559 1559 1536 1.98 177 2.82 18
Wire=0.8um | Lov= 4.68 412 5.45 1573 1574 1543 2.00 1.78 323 2.04
Wirer=0.7 um Snf 4.89 4.24 5.82 1580 1583 1548 2.05 1.88 4.13 245
Worer=0.6 um 5.7 4.33 9.02 1590 1590 1554 2.33 2.05 N/A 3.36
La=0.5um | \oeer 4.68 4.12 5.45 1573 1574 1543 2.00 1.78 3.23 2.04
Ler=0.4um =0.8 43 3.75 5.04 1409 1387 1545 1.76 1.55 2.94 1.81
Ler=0.3um um 3.98 3.52 4.44 884 824 1496 152 134 2.64 1.59

different JFET widths and channel lengths with different channel mobilities is shdwig 8113
(b). The change of JFET width providebetter trad-off relationship when compared to that of
channel length using the current channel mobility of 2&/¢rs. This is because the low channel
mobility results ina large increasen the channel resistance with increasing channel length.
However, the increasl channel mobility significantly improves the traaférelationship. This is
attributed to the temperature dependence of channel mobility. The channel mobility at low
temperatures, which is less than 200Qis determined btheinterface tra14]. However, at high
temperatures, phonon scattering becomes dominant in determining channel mbbilitihe
channel mobility at high temperatures is almost identical regardless of whether the channel
mobility is low or high at low temperatures. Therefore, ltkgh channel mobility provides low
Ron,sp With almost no negative impact on SCWT. The long channel length with high channel
mobility would offer improved shoutircuit characteristics without the degradation of conduction
behaviors. It is discovered that high channel mobility improves forwarduction performances
as well as shoitircuit characteristics.

Table 3.1 summarizes the experimental and simulated results. MOSFETs with deep JFET
implant provide the low R spwith high breakdown voltages. SCWT increases by usoheep P
well implant. However, the deep JFET implant exhilaitsetter tradeoff relationship between

Ron,spand SC
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3.5. CONCLUSION

The effect of the depth of JFET andmell implants vasexamined in terms of the traaéf
relationship betweendgspand BV or SCWT in the 1.2 kV 43iC MOSFETSs. These traddfs
are successfully demonstrated by comparing the 1.2 kV MOSFETSs with different JFET widths and
channel lengths. The forward conduction mode, blocking behaviors, and-cshoit
characteristicef the fabricated MOSFETS are evaluated. In order to clearly understand and clarify
experimental results, 2Bimulation results were included, as well. Deep JFET implants pravide
significantly improved forward conduction mode when compared with nommplants. In
contrast, deep Rell implants allowa low leakage current and high breakdown voltage for
structures with even shorter channel length. Moreover, MOSFETSs with ewelb ifhplant have
long SCWT because of highofi®p However, the deep JFET inapit providesa better tradeoff
relationship betweendrspand SCWT due to the utilization of narrow JFET width. Finally, the
change of JFET width and channel length with different channel mobilassliscussed. The
MOSFETSs with the deep JFET anduell implant are proposed to improve traolié relationship
between Bnspand SCWT. It is important to note thagh channel mobility is required to improve
not only static characteristics but also skartuit characteristics. Based on the applicatiothef
1.2 kV MOSFETSs, the design and process of MOSFETs need to be carefully optimized due to the

tradeoff between R spand BV or SCWT.
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Chapter 4

Analysis for the Cell Design of 1.2kV 4H-SIC Planar
MOSFETs

4.1.INTRODUCTION

Silicon Carbide (SiC) MOSFETs provide various advantages for high voltage and high
frequency applications, such as powaverter and fast charter for electric vehicles, medium
voltage motor drives, and commercial aviation. In most applications, the driving force for the
commercialization of SiC MOSFETSs is low -oesistance with superior switching performance
when compareddtthe Silicon IGBT. Numerous research efforts have been conducted aiming to
minimize the specific omesistance (R sy for a specified breakdown voltage (BV). The process
technologies that enabled the demonstration of-pgffiormance 1.2 kV SiC MOSFETisclude
the post oxidation anneal in nitric oxide (NO) [1], high quality-gmwth technique [2], ion
implantations at elevated temperatures [3], etc. In regards to the device architecture, many groups
have been developing the trengipe MOSFET [4, [5], but the planatype MOSFET has
remained mainstream since its commercialization in the early 2010s. Many novel design
approaches, as well as edge termination techniques, for SiC planar MOSFETSs have been attempted
to improve Rnsp BV, switching performare, reliability, and the tradeffs between them.
Accumulation mode channel has been reported to imprave &e to the increase of channel
mobility [6¢8]. K. Han has reported the effect of channel length for the inversion mode channel
MOSFETSs [9]. The ptimization ofthe JFET region [10] and current spreading layer (CSL) [11]
have been suggested for the improvemerheforward conduction mode. A. Saha [11] and Q.

Liu [12] have briefly reported the effect of cell pitch fosn Although accumulation mode
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channel MOSFETs witRSL areknown to exhibit a tradeff relationship betweendRspand BV

with respect to the channel and JFET region, detailed information and discussion on the impact of
the channel andFET design for accumulation mode channel MOSFETSs with &8llacking in
previous literatures. Moreover, the completed and specific unit cell design rules are deficient,

resulting in the lack of detailed research and comprehensive understanding regactiodf
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Fig. 4.2. Designed implant profiles for channel region anddédl (D-D 6 ) 8PROCESS.

relationship between JRsp and BV within the cell structure. In particular, when reviewing the
presentlyavailable literature it is difficult to fairly compare the effect of each component of the
MOSFETSs due to different structures and processes reported by different groups. This study is
particularly important for low voltage (600 ~ 1200 V) SiC MOSFETs beedue ofresistance is
largely dependent on the cell design.

This paper presents a comprehensive analysradeoff relationship betweendrspand BV
(along with vyield) for the 1.2 kV accumulation mode channel SiC MOSFETs with CSL and
different dimen®ns in the cell structure. Such dimensions explored include, the channel, JFET,
contact opening, ILD (intelayer dielectric) width, and gate-source overlap. In order to conduct
a completed experiment that produces comprehensive results for a despamaiiteg, while fairly
comparing the effect of each component of the MOSFET, the 1.2 kV accumulation mode channel
SiC MOSFET devices investigated in this paper were fabricated on the sarok v@afer using
the same mask set. In sectioii Device Desig, design approaches for the fabricated 1.2 kV SiC

MOSFETSs are discussed; In sectionillFabrication Technology, device fabrication process is
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explained; In section IM Results, electrical characteristics measured from fabricated SiC
MOSFETSs with the ative mentioned design variations are presented; In secfioDistussios,

inclusive analyses are provided.

4.2.DEVICE DESIGN AND MODELLING

Fig. 4.1 (a) and (b) show top views of layout designs for 1.2 kV SiC MOSFET cells with P+
sources located in a stripe pattern and intermittently located in the orthogonal direction,
respectively. AA 6 cSedaianal view for the stripe pattern P+ is showFim 4.1 (c). In order
to reduce dead space (i.e. the area underneathwitedi Ehat is not fully utilized for the current
conduction), and thus enableegluction in the cell pitch, the P+ source contacts are intermittently
placed in the orthogonal direction, as showiriop 4.1 (b) [7]. Fig. 4.1 (d) and (e) pertain to the
MOSFET with orthogonal P+ sources and show the egestonal views of portions that include
N+ source contact and P+ soumntact, respectively. As shown kig. 4.2, ion implantation
schedules for the JFET region anavell are designed to create the accumulation modengha
to attain high channel mobility [7]. A current spreading layer (CSL) underneath-red! %
adopted to further reduce the resistance near the bottom ofabk. Fhe halfcell pitch (AA 6 o r
B-B6) consi sts o0f),lldDovdth &\d), gatgsauncd oneglap (\A4), channel
length (Len), and JFET width (\#e7), as shown inFig. 4.1 (c). Analyses of device designs
(described in SectienlV and V, withTable 4.1 containing detailed design parameters) were
divided into 4 parts: contact opening, JFET width, channel length, and others (i.e. contact opening,
ILD width, and gatesource overlap that determine the cell pitch altogether).

For fair evaluation in the bloakg mode, an efficient edge termination structure is necessary

to compare all the design variations mentioned above. A hylorition termination extension
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Fig. 4.3. The crosssectional SEM image of the fatated 1.V 4H-SiC MOSFETSs with
nominal design rules (&= 0.5 um, Wip = 0.6 pum, Ws.s= 0.5 pum, Lh= 0.5 pm, WireT= 0.8
um, and @ll pitch = 5.8 um).

(Hybrid-JTE) was employed to achieve a nigbral breakdown voltage [13].

Sentaurus 2D TCAD was used to support and clarify the experimental results. For the
simulation of forward conductiorthe Lombardi model for interface trap and channel mobility
degradation was applied to match experimental channel mobility arjd4V16]. The Ckuto-
Crowell model was used for the avalanche model, [14]. The BV value was extracted when
the integralof impactionization coefficient of holes reaches unity, which implies avalanche

breakdown. Simulation models for Silicon Carbide haventaeveloped and optimized [1418].

4.3.DEVICE FABRICATION TECHNOLOGY

The devices were fabricated by Analog Devices, Inc. (ADI) fabrication facility in Hillview,

San Jose, CA, using the same base process lind209]A 10 um thick drift layer with Nype
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doping concentration of 8x¥0cm' 3on 6inch, N+ 4HSIC substrate was used for the fabrication

of proposed 1.2 kV MOSFETSs. Aluminum and Nitrogen ion implants were used to faetl/P+
source/JTE, and JFET/N+ source, respectively. Allimplants wered uct ed at 500
implantation steps, a 1650 °C,-frin activation anneal with a carbon cap was conducted. A 50
nm thick gate oxide was formed by ultrathin (2 nm) thermal oand48 nm of deposited oxide,
followed by a post oxidation anneal@R) in N.O ambient. Th&l-type polysilicon was deposited

and patterned for the formation of the ga&téer, undoped silicon glass (USG) waeposited as
interlayer dielectric (ILD), then patterned and etched to make ohmic contact regions. Nickel (Ni)
wasdeposited on the frontside, followed by an RTA for the silicidation process. Next, unsilicided
Ni metals were removednd annealed by RTA at 965 °C for 2 mififie backsidevas then
deposited by Ni, followed by the same RTA process. A 4 um thick Ti/Tisti#dk was deposited

for the source and gate metal. Silicon nitride and polyimide were useddsivationFinally, a
solderable metal stack was deposited on the backsige4.3 shows the crossectional SEM

image of the fabricated MOSFET.

4.4, RESULTS

4.4.1.CONTACT OPENINGWC)

To examine the impact of contact dimensions on theesistance, half contact openingsdW
ofL.0, 0.5, 0.4, and 0.3 em were imsbudegmkeWpi
s=0. 5 &=, 58ndWhre= 0. 8 & m) . Except ¢oofr 1t.hOe esm,r uacltlt
MOSFETSs used the design approagshown inFig. 4.1 (b) to reduce the cell pitcithe esultant
cel | pitches are 6. 8, 5. 8, 5. 6, and 5.4 &gm, r

Fig. 4.4 (a) shows output characteristics of the fabricated 1.2 kV rated SiC MOSFETs with
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Fig. 4.5. (a) Measured transfer characteristics and (b) measured forward blocking behaviors of
thefabricated MOSFETSs with different ¥V

different We. All electrical data presented in this paper were measured frewafan. In our
experience, after packaging, there is a 15% reductionigp FStructures with orthogonal P+
provide larger currents thahe ones with stripe pattern P+ ang@wf 1. 0 e m. Thi s
the onresistances originates from the cell pitch. The role of P+ source contact is to provide a stable

zero potential to the-Rell under the forward conduction mode. Both structures striped and
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orthogonal P+ sources successfully serve this purpose. However, the larger cell pitch in the stripe
pattern MOSFET causes the increasedssRIn contrast, MOSFETs with Wbof 0.5, 0.4and 0.3
pm show identical output characteristics netjass of the cell pitch. The smallerdWvould
increase N+ contact resistance in MOSFETs. This incréashl+ contact resistance is
compensated by the decrease of resistance stemming from reducing the célhgitcasured
specific contact resistancecteacted by N+ circular type transmission line measurements (CTLMS),
was 6.18x18 Y -cn?. Depending on the contact resistance, the optimwwilVdiffer; When the
specific contact resistance is much lower than 6.18¥@n?, atight Wc could reduce the en
resistance, although the degree of improvermanild not be significant; The narrow dNising
ideal contact resistanaehich is zero provides the reduceehiin simulation, as shown iRig.
4.4 (b).

The measured transfer characteristics of the fabricated MOSFETSs with variad:\8hown
in Fig. 4.5 (a). The threshold voltage (Y extracted at draisource current ¢§) of 1 mA is about
2.6 V for all structures, which also highlights tha orthogonal direction P+ provides appropriate
zero potential to Rvell. Fig. 4.5 (b) shows measured forward blocking behaviors of the fabricated
MOSFETSs with different W. Regardless of the split, high breakdown voltagis low leakage
currents were accomplished thanks to the efficient edge termination technique {HyByidAs
expected, W for N+ is unrelated to blocking behaviors. It is important to note that orthogonal P+

design also provides a high breakdown voltagth no negative outcomes, such as snapback.

4.4.2.CHANNEL LENGTHLcw)

The channel length ¢k) was varied to investigate the traoks between & spand BV, and

Ronspand Mh. Lchof 1. 0, 0.5, 0.4, and 0.3 em were desi
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Fig. 4.7. (a) Measured output characteristics of the fabricated MOSFETSs with differamd.
(b) summary of experimental and simulated 8with different channel mobilities (18, 3&nd
54 cnt/V-s) and experimental V.

We=0.5 om0. 8 €¢sm0. W £gem 0. W em and orthogonal dir
Fig. 4.6 shows the crossectional SEM image of the accumulation mode channel MOSFET with
Lb=0.5 em (-G &igmt.h(g)). Accumulation mode channel was formed using the
controlled JFET and-Rell implants, as shown iRig. 4.2.
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Fig. 4.7 (a) shows measured output characteristics of the fabricated accumulation mode
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and 1.
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ar e

channel MOSFETs witldifferent Lch. Due to lower channel resistance, shorter channels offer

highercurrent at the same dragource voltage. Another importardriable along with the ds is
channel mobility. In this case, the field effect channel mobility extracted from a lateral test

MOSFET (FATFET) with a bho f

2 0 0 gsof M1 \Awas approximately 18 &W-s, which

is considered as reasonable in the eur8C technology.

A summary of experimental and simulatednfg with different channel mobilities and

experimental W is shown inFig. 4.7 (b). Simulated results with different channel mobilities show

the importance of high channel mobility. As the channel mobility increases, the rate of change of
Ron,spper increase of s gets smaller. The measured transfer characteristics and transconductance
of the fabricated MOSFETSs with differentdare shown irFig. 4.8. Transfer characteristics and
transconductances were measured atdf 0.1 V. When ompared with a longerch, the
transconductance of a shorter tlecreases to a value of 0 much more dramatically after reaching
the maximum transconductance value. As a result, a shajtes preferred to minimize the
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Fig. 4.9. Measured forward blocking behaviors of the fabricated MOSFETSs with diffegent L

channel resistance and overall deviceresistance. However, the reduction in theresistance
brings in a detrimental issue during the fardblocking mode.

Fig. 4.9 shows measured forward blocking behaviors of the fabricated 1.2 kV MOSFETSs with
various L; clearly showing that a shortehannel results in poor blocking behavior with large
leakage current. Breakdown of MOSFETs with shorter channgl®©{10.3 and 0.4 um) occsr
due to the increase of leakage current from the channel, not as a result of the avalanche breakdown.
In contrastthe longer channel (s of 0.5 and 1.0 um) shows avalanche breakdown behaviors,
identified by a sudden increase in the disdnirce currenin order to further explore the effect of
Lch on the blocking behavior, simulated electrostatic potential near the surface, starting at the N+
source, proceeding through the channel, and ending in the JFET rediod (Es h &igt4.10i n
(a)) was extracted atqgyof 1500 V, as shown ifig. 4.10 (b). It is demonstrated that longegnL
has a larger and thicker potential barrier, thus providing lower leakage current under the high drain
voltage. The large leakage current at low drain bias from the short channel stouigjunated
from the reduced potéal barrier formed across the channel. When thésLsufficiently long (Lsn

2 0.5 yum), the channel potential is maintained and blocks the leakage current heessemce
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Fig. 4.10. (a) Crosssectional view of simulated 1K}/ accumulation channel mode MOSFETs
(b) simulated electrostatic potential at channel region of MOSFETSs with diffesigatt\Vys of
1500V, and (c) summargf simulated R spand channel potential gy= 1500V).

and drairuntil the avalanche breakdown occurs.

Fig. 4.10 (c) summarizes the Rsp and channel potential &tqs of 1500 V for simulated
MOSFETSs with varied . From the comparison between this simulation and experimental results
(Fig.4.9), it is concluded that a channel potential larger than at least 1.4 V is essential to suppress
the leakage current up to the avalanche camditvhich is informative when exploring new device
design concepts using 2D device simulations.

It is particularly important to minimize the misalignment betweewe! and N+ source since
these two layers define thenLWith a certain misalignment, orséde of the kn in the unit cell
structure, as shown iRig. 4.10 (a), becomes smaller than the other resulting in large leakage
current. To prevent lib sidesof the unitcell from having a tn shorter than the designednL
alignment tolerance should be considered, and more preferably;estellished process scheme

to implement a selalign channel is required.
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4.4.3.JFETWIDTH (WieeT)

To optimize the JFET region, differedtyrerof 0. 6, 0. 7, 0.8, and O.
designed doping concentration in the JFET region is approxin8#&§®cn3. The depth of the
JFET junction is 0.2 mand is 0.1le mdeeper than the-Rell, which implements the current
spreading layer (CSLEnhanced doping in the JFET region with CSL allows a nakibwer,
which provides improved conduction and switching behaviors with reduced leakage current during
the forward blocking moderig. 4.11 (a) compares measurements and simulationsod, For
variedW;ret. Simulation results agree well with the experimental data, regardless of the doping
concentation in the JFET regiorit was discovered that the enhanced doping in the JFET region
allows significantly improved conduction behaviofg. 4.11 (b) compares current density
distributions of simulated MOSFETs with and without enhanced doBxi°cm?) in the JFET
regions (Wre=0.7¢ m Enhanced doping offemslarger effectiveW et for current to flow due
to asmaller depletion region, enabling the use of narrdigerin design

Fig. 4.12 (a) shows measured forward blockibghaviors of MOSFETSs with varied }#¢r.
Narrower Wiret provides higher breakdown voltage with lower leakage curpesause the
channel is better shielded from the drain bias, as showkigind.12 (b). Depending on the
implementation of the JFET implant and doping concentration, the opthvigat will differ to
achieve the best combination of lownhwith high breakdown voltagéhetradeoff relationship
between RBhspand BV was improved using JFET implant with C$ligher JFET doping is
required to achieve narrow®rer and therefore obtain traesired breakdown voltagaJower

electric field in the gate oxide, and improved s$toircuit capability [21].

108



6.0 - % \
Simulation. o
5.5 : e i |
3 No JFi‘:"ﬁopin

o
o

. .

0 .

. LA
( . o',
°

.« iet Experimental
L%, PETImET!

Ron,sp (mohncmy?)
I
(&)

LR R dae ¢ FETF 141
4.0 %L X i age e = XJFETSE 1016
"_-‘x:.'.§ ..... : :; JFEm_l 6

3.5 Sim[ilation JFE'ﬁoping

3.0
0.3 0.5 0.7 0.9 1.1 1.3
Wiee(>m)
€))

(b)
Fig.4.11 (a) Summary of measured and simulatggisfand (b) current density distribution of
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Fig.4.12. (a) Measured forward blocking behaviors ands{bjulated channel potential of
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doping of 3x1&° cm' %to keep same channel region).

4.4.4.CELL PITCH

Different combinations of dimensions for the contact opening) (WD width (Wip), and
G-Soverlap(Ws) of O0.5/0.6/ 0.5, 0.4/ 0. 4/®.@.,4 0w/ @n e
Wije= 0.8 em) were included to exagpitisienpottadmte i mp a
to investigate the manufacturability thiese structures since there are concerns regardintpgate
source leakage and misalignments between different mask |&jgrd.13 shows the measured
Ron,spfrom MOSFETSs with different cell pitches. As expected, a smaller cell pitch is beneficial in
reducing the B.sp To suppress the leakage current and attain higher BV, simiRategdn the
caseofk=0. 5 e m ar eFigall3sThe ddferehee thetweamxperimental and simulated
results stems from the contact resistance, as mentioned in Sectién IV

While pursuing a smaller cell pitch to reduce thg & it is important to evaluate the yield
loss due to the aggressive design rules fapVend Wss. Too smallWi.p provokes shorting

between gate and source, resulting in high gate leakage and leaogate breakdown. In other
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Fig.4.14. The crossectional SEM image of the fabricated k\24H-SiC MOSFETSs for the
device of W of 0.5 pm.

words, a tightWip has trouble with gate control. During the fabrication of SiC MOSFETSs,

misalignments betwedahe N+ source implant and gate poly are inevitable, as shoWwiyid.14.

When the N+ source and gate poly become significantly separated due to misalignment, MOSFETs
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Fig.4.15. (a) Wafermap of extracte®on spfrom the MOSFETSs with different cell pitch and (b)

$=0.2m)

the percentage of yield issue for MOSFETSs as¢sRRvith varied cell pitch (&S short: Gate
compared
Ron,spwas higher).

voltage was not applied, HighhkkRs wh e n

Wi

t

h cell

ultimately lose one side of the channel within the unit cell, resulting in higkp ig. 4.15 (a)

shows haHwafer maps measured from devices with etéht cell pitches demonstrating yield

pitcl

losses due to narroW,.p and smalWeg.s. Fig. 4.15 (b) summarizes the % yield losses based on

the measurement shown kig. 4.15 (a). Cell pitch of 5.& mMW;.p=0.6¢ mMWess=0.5¢ mhas

100% operational yield. However, when redudiMgp from 0.6 nto 0.4 m,
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failures occurred (i.e. 1 or 2 out of 15 havproblemwith gate control). WhekV\.p becomes 0.3
em, the gate fail ur e Yetpagecedsglcdionfc r0e abs e so (04 30 LEtm
in a100% operational yield. However, it was observed thécgof 0. 2 e m began to
loss of channel due to misalignment, resulting in the increas gfiRspite of reduced cell pitch.
It was discovered that tight cell pitch caused by tiht and Ws.s increases the likelihood of
operational failve. Wipof | arger tWeasof Ol argmrandan 0.3 &m

operate MOSFETs withotidilure and achieve low yield losses.

4.5.DISCUSSIONS

Fig. 4.16 (a) summarizes Rspas a function of different dimensions in the MOSFET cell
structure. Although improving the channel resistance has been the main focus of the SiC industry,
the channel miility for a planaftype MOSFET remains in the range of il30 cnf/Vs. As a
result, the channel resistance still contributes to the largest portion oR1.2 kV SiC planar
MOSFET. With the aid of higher channel mobility, a three times higher charoiglity as an
examplean18 % improvement in thedgspcan be additionally achieved, as shown by the dashed
line in Fig. 4.16 (a). In contrast, a small change ok betweenW;rerwas achieved, even for a
Wirerof 0.6 m.  H o w gersenaller thévi 0.6 nwith the same doping concentration would
dramatically increase theoksp Therefore, a further enhanced doping concéotran the JFET
region can be considered to accomplish a narrowee\dhd further reduce JRsp(see the dotted
line). It is also important to note that reduced cell pitch associated with orthogonal P+ and tight
Wip and W&s is proven to be effectivenireducing Bnsp Without negatively impacting the
blocking behavior, at the price of serious device yield issues.

Figure-of-Merits (FOM, BV®/Ron,sp [22] are shown irFig. 4.16 (b) to compare static
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(*Nominal device has \3=0.5em, Lcv=0.5em, Wire=0.8em, andcell pitch=5.8em).

characteristics for each component. FOM exhibits strong sensitivityntduk to low channel
mobility; the shorter channel has lower BV atitk longer channel provides higheed3p The
improved channel mobility is an effective way to further increase FOM as shown in the dashed
line. For Wieet variations, FOM is relatively similar due to enhanced JFET implant with CSL.

Depending on Wfor N+, FOM is almost identical. In contrastetbhangeof Wof 1 e m t o
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TABLE 4.1. Summary of experimental results and design information.

Experimental results

Design information

Device Structure | o, Vth BV FOM AHBO”'SF’/ \f/xrc \f/(\)/rc w w ) w cell
[mq -sz] [\/] [V] [MW/cmZ] Hdimension Pt N+ ILD G-S ch JFET pitch

[mq -cn?)
Wc=1.0 um 4.64 2.6 1581 539 0.106 05| 05 0.6 0.5 0.5 0.8 6.8
Wc=0.5 um 4.11 2.6 1575 604 00| 05 0.6 0.5 0.5 0.8 5.8
Wc=0.4 um 4.11 2.6 1573 602 -0 00| 04 0.6 0.5 0.5 0.8 5.6
Wc=0.3 um 4.13 2.6 1574 600 0.0 0.3 0.6 0.5 0.5 0.8 54
Lcn=1.0um 6.11 3.2 1581 409 0.0 | 05 0.6 0.5 1.0 0.8 6.8
Lch=0.5um 4.11 2.6 1575 604 0.364 0.0 | 05 0.6 0.5 0.5 0.8 5.8
Lch=0.4um 3.84 2.4 1457 553 ' 00| 05| 06 0.5 0.4 0.8 5.6
Lcn=0.3um 3.56 2.2 914 235 00| 05 0.6 0.5 0.3 0.8 54
Wirer=0.9um 4.08 2.6 1561 597 00| 05 0.6 0.5 0.5 0.9 6.0
Worer=0.8pum 411 2.6 1575 604 0.080 00| 05| 06 0.5 0.5 0.8 5.8
Wrer=0.7 pm 421 2.6 1583 595 00| 05| 0.6 0.5 0.5 0.7 5.6
Wrer=0.6 um 432 2.6 1591 586 00| 05| 0.6 0.5 0.5 0.6 54
Cell pitch=5.6 pm 3.84 2.4 1457 553 00| 05| 06 0.5 04 0.8 5.6
Cell pitch=4.6 um 3.54 2.4 1451 595 0078 00| 04| 04 0.3 0.4 0.8 4.6
Cell pitch=4.4pm 3.45 2.4 1452 611 ' 00| 04 0.4 0.2 0.4 0.8 4.4
Cell pitch=4.0 pm 3.37 2.4 1455 628 00| 03] 0.3 0.2 0.4 0.8 4.0

e m i n cROM hesarise of the use of orthogonal P+ causing reduced cell pigclor(W+ is

the same). The decreased cell pitch caused by reddaedand W&.s also increases FOM.

However, when consideringeyield issueac e | |

Trendline for cell pitch for andso f
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performance is significantly affected by cell design when considering all aspetig. 4.1

summarizes all experimental results and design informdtiams discovered thathis the most

critical factor for the Bnsp resulting in 0.364 -cn?i ncr eas e

/lgpdi mensi on) .

in a greater influence on thefRp,change than by controlling V¥ and/or Ws.s. The optimization
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cel

per
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4 o thenhigtd B\&In general, it was demonstrated that device

Qn( BPRsg M i nc

t ch

by

putti

of the JFETregion parameters is also very important but would produce an opposite trend when

doping is further enhanced. Combined efdd improve the channel mobility and enhanced

doping in the JFET region will benefit all aspects of SiC MOSFETSs.
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4.6. CONCLUSION

The fabricated 1.2 kV 4F5iIC MOSFETs with accumulation mode channel are closely
investigated in terms of all aspects of designc(WWVi.o, We.s, Len, and Wrer,) on static
characteristics, such as output and transfer characteristics, and blocking behavierseM @D
simulation was implemented to elucidate the effect of cell design from experimental results and
suggest a direction to be further improved. It is demonstrateddhiatthe most critical factan
1.2 kV 4HSIC MOSFETSs due to low channelobility; 3 times channel mobility can improve
Ron,spOf 18% with no negative effect on BV. The enhanced JFET doping with CSL allows lower
Ron,sp @and narrow Weet, providing better blocking and reliability; to further improve the device
performance and liability, the increased JFET doping with narrowern/¥Y is preferable.
Different W exhibits identical static characteristics in low contact resistance; when contact
resistance is near ideal, narroweg pyovides better conduction behaviors due to tigiittch.
Lastly, the reduced cell pitch from tightdMVip, and Ws.s reduces Bh sp without negatively
affecting blocking behaviors, but too tight\Wand Wt s trigger operational failures. Overall, a
detailed structural analysis of 1.2 kV &i#C MOSFH's with accumulation mode channel enables

further device performance improvements to be proposed.
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Chapter 5

Optimization of 1.2 kV 4HSIC MOSFETs for Enhanced
Short-Circuit Ruggednessusing Non-Isothermal Simulations

5.1.INTRODUCTION

Although 4HSIC MOSFETs are widely used in power electronics appbns, detailed
research oshortcircuit failure mechanisms and device optimization based on device simulations
is lacking.Generally, SC failr mechanisms for SIiC MOSFETSs can be categorized into three
(Gate failure, Al melting, and thermal generated curreii][IHowever, it is not obvious which
mechanism dominates the shoirtcuit capability.Source doping reductiolower channel density
and use of lower gate bidmve been proposed to enhance SC capability [4]. However, these
approaches result in the increase g dg In comparison, SIC MOSFETSs with reduced gate oxide
thickness @) have demonstrated reduced saturation currggf\ilith no impact on & sp[5], [6].

In this paper, firstly, failure mechanisms for shartuit are investigated. In order to precisely
analyze the device structure, thermelated simulation models are covered. The effect of thin gate
oxide on SC capality has been studied in depth using Nenthermal device simulationin
addition, a novel approach to improve bsktortcircuit withstandingime andstatic performance
when compared teeduced gate oxide thickness proposed using a decreased JF&gion width

with increasing JFET doping concentration.

5.2. SHORT-CIRCUIT FAILURE MECHANISMS
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During the shoktircuit conditiors, three separate phenomena might occur when a device fails.
In the first failure type (gate failure), the device undergoes gate failure due to the increase in
FowlerNordheim(FN) tunneling, contributing to high gate leakage current at high temperatures.
Furthermore, when gate oxide is exposeHigh temperatures, the material proprof the gate
oxide degrades FN tunnelingand high temperaturesuse gate oxide to degrade and lose gate
control. The second failure type is Aluminum melting. At high tempera{s@60°C), Al starts
to mel, diffuse into SiCand penetratthe p-well of SiC,leading to drairto-source shorting. The
last failure tyg is related to thermally generated carriédighough many research groups report
thermal generated failurei[3], it is hard to accept that thermal generated failure of SIC MOSFETs
occurs at temperatures ~1600since Al stargto melt at approximatelyé®

In order to explairthe thermal generated failure, the importance of increasing temperature
rate is introduced by [1]. In failure mechanism 1 and 2, a device does not immediately fail when
reaching critical temperatures of material degradationwlliteventually be destroyed after a
certain degradation time passes. In other words, failure mechanism 1 and 2 occur after significant
degradation of device materials (gate oxide and Al source metal) takes place. These failure
mechanisms appear whthelow drain voltages applied.

On the other hand, when junction temperature rapidly increasiesdatical temperature of
thethermal generation carriéf1600 ) and degradation time is short, failure mechanism 3 will
occur first before failure mechanis 1 and 2. Moreover, as surface temperatuge{h is much
lower than junction temperature y(iction), thermaly generated current can be generated in SiC
MOSFETSs. Generally, the last mechanism occurs valtegh drain voltage is applied. However,
by the time ofthe thermaly generated current, the other materials, such as gate oxide and Al

source metal, are also mostly degraded, resulting in combined failure mechanisms during the
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Tableb.1. Simulation models.

Parameter model Talues
H . Cy = 4.10 x 10-9T% — 1.22 x
eat capacity [7] 1075T* 4 1.29 x 10~2T — 0.685
Thermal conductivity [8] K = (0.00105- T — 0.03)~1
o=28
Uguik(SiC
. Haulk(31C) T — Ure=950
Bulk electron mobility [9] _ #max("/300) i _
=7 : [(N ¥ N)/N ]:,- N _ref=194e17
b adter Gamma=0.61
a=28
Hgurk (510 174
Bulk hole mobility [9]  tma(Tf300)™" e
= 1t [(N NN ];,- N _ref=1.76el7
BTl er Gamma=0.34
) o=-0.2
. .”r:hunns!':'gif:] _
Channel electron mobility M | TJ"IIEUU]_H Uma=28.5
[9.10.11] o o 2 NN N_ref=194el7
p T el Trer Gamma=0.61
Channel mobility degradation u = Mewe=050
[9] Henan ™ Fona i 632
T 4 f=172
T
SRH lifetime [9,17] Tap = max( /300) - N ref=3el7
1+ [(Np + N /Nye] Gamma—(.3

shortcircuit condition. In this paper, we will focus othe gate failure mechanism using the

developed Notisothermal simulation.

5.3. NON-ISOTHERMAL DEVICE SIMULATION

Using Sentaurus-B TCAD, Nonlsothermalsimulations wereonducted to investigate the
influence of thin gate oxide and narrow JFET region on drain current and maximum junction

temperature during the SC event. Sentaurus material lipaagyneter setrelded to SiC for Non
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Isothermal simulations atackingin previous literature. Therefore, as partltdp aper 6 s
thermairelatedsimulation models, such as thernzainductivity mobility, interface trap, gate
tunneling, and SRH lifetime, were estahked and optimize(lable5.1 for summary]7i12]. The
temperature dependence of heat capacity and thermal conductivity-®iCA¢an be given as
6 W@mpepm’Y PG PMY pRWPpTY T@YPUX P
0 mnpdY Mo Y C
The bulk mobility and channel mobility can be given as

Y
‘ OT T
p U 0 710

W p P o

, With parameters for electron and hole giveiable5.1. In addition, for threshold voltage sy
both acceptor type trapsafand positive fixed charge Qs included at Si@’SiC interfacewhich
is Qa = 1.5x10*2 cm?, E-E = 0.18eV, and g= 2x10*cm?[9], [11]. Finally, ShockleyReadHall
(SRH) lifetime can be given as

t Y
T — S p¢ T
p O 0 70

, with parameters for electron and hgigenin Table5.1.

Fig. 5.1 shows a cross section of a conventional accumulatiamnel SiC MOSFET withyt
of 50 nm half JFET width (WreT) of 0.7 um, and a diagram of the equivalent circuit for producing
a SC evenf13]. For a 1.2kV SiC MOSFETa drift layerdoping concentration of@0% cm® and
thickness of 1Gem are designed in simulation. In order to increase channel mobility, an
accumulation mode channel is us&éte SC simulation with conventional structure uses @of R

3 (qgs0f 800 V, and Vs of 20V. Fig. 5.2 shows simulated results of drain current, maximum
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Fig.5.1. (a) Cross section of simulated conventional MOSFET and (b) diagram of the equivalent
circuit for the shorctircuit.
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Fig. 5.2. Simulated drain current and maximum junction temperature in SiC.
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junction temperatusyTjmax), and gate voltage during tkhortcircuit event for the conventional
MOSFETstructure. At the start ahe SC condition, maximum drain current occurs, resulting in
high junction temperatures aadeduction of \h. Next, drain current decreases due to the decrease
in electronmobility at hightemperaturesdespite the lowering of % High temperatures also
contribute to thencrease inthe gate leakage current due to Fowidwrdheim (FN) tunneling,
which causes gate voltage to decreaseshown irFig. 5.3. This is because the gate leakage
current leads to the voltage drop in the gate resist)r (Rcreased gate voltage can represent the
degradation ofthegate oxide. In this papershortcircuit failure event at times¢is defined when

a change i n ggadl\ocours.l t age, @V

5.4. THIN GATE OXIDE

Fig. 5.4 shows output characteristics with different gate oxideknesses. In order to obtain
thesame R spand M, different gate voltages and additionalpll implants in the channel region
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are appliedAlthoughthe specific onresistance of thin gate oxide is the same as thieahick
gate oxide, satation currentdecreases with thinner gate oxides and reduced gate vadtsige
shown inFig. 5.4. However, themaximumelectric field in the gate oxidat the middle of JFET
regionincreases under the forwabtbcking modeas shown irfig. 5.5.

Fig. 5.6 shows simulated results of drain current, maximum junction temperature, and gate
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voltage during thehortcircuit event for MOSFET with different gate oxide thicknesses. During
the SC event, as mentionedHig. 5.6, thin gate oxide has lower saturation current, enabling lower
maximum junction temperature in SiC when compared with thicker oxide. Due to high junction
temperature, more thermal generated current occurs in MOSFETs with thicker gae oxid
Moreover, these lower junction temperatures redimeler-Nordheimtunneling, resulting in the

low gate leakage current during the skortuit eventas shown irig. 5.7. Fig. 5.8 shows energy
band diagrams of 43iC MOSFET with different gate oxide thicknesses and gate voltage at 300,

1000, and 1500 K using online band diagram program [14]. At 1500 K, thin gatenottidé,=10
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V has a higher, thicker barrier between SiC anc 8idigh temperatures.

Fig. 5.9 shows Bort-circuit time(tsc) and delta s (nVgs), and electric fieldn gate oxide aa
function of gate oxide thicknessh@&@t-circuit timeincreases fors=20 nm when compared with
thicker oxides,as shownin Fig. 5.7 and Fig. 5.9. This is due to lower junction temperature,
contributing to low gate leakage and low gatétage, resulting in a higher, thicker barrier between
SiC and SiQ at high temperature®©n the other hand, thinner gate oxides cause increased gate
to-source capacitance ¢ producinglower dVgddt, which limits the reduction in saturation
current duing the SC ever{b]. As a result, thin gate oxides provide low saturation currents only

near the start dhe shortcircuit event which offes moderatestimprovement.

5.5.NARROW JFETREGION

Fig. 5.10 (a) shows specific eresistance aa function of JFET width with different JFET
doping concentratianand (b) output characteristics with different JFET wadtim order to
achieve reduced saturation currantl therebwnincrease in shostircuit withstanding time, JFET
width is reduced. Concurrently, it is necessary to increase JFET doping concentration to lower
specific onresistance to compensate for reduced JFET wadtshown irFig. 5.10.

Fig. 5.11 (a) showssimulated results of drain current, maximum junction temperatace, a
gate voltage during thehortcircuit event for MOSFET with different JFET widtHDuring the
shortcircuit capability, MOSFETs with arrow JFET width suppressed maximum saturation
current, resulting in the reduction in maximum junction temperatidas.to lower junction
temperature, narrow JFET widdvoidsthermaly generated current. Furthermore,the same
manner ashethin gate oxide, low temperatures lead to reduced FN tunnedisglting ina low

gate leakage currertiowever, unlike reducedage oxide, narrow JFET width has highgdut,
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Fig. 5.10. (a) Rn,spasafunction of JFET width with different JFET dopiegncentratioaand
(b) output characteristics with different JFET wilth
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Fig.5.11 (a) Simulated drain current and maximjunction temperature in SiC and (b) gate
voltage.

contributing tathe large reduction in saturation current during the SC event. As a result, maximum
junction temperature decreas€fgy(5.11( a) ), contri but igFg.5tlbb)t he dec
thanks to the suppression of FN tunneling. Temperaturgbdison in SiC withdifferent JFET

widths at the shortircuit time of 5usis shown inFig. 5.12. The MOSFET withra JFET width of

0.3um has largely lower junction and surface temperatures when compared with treadMER

width of 0.7 um. The temperatureises beneath gate oxide, espally nearthe n+ source, is

significantly lower with narrodFET width allowingthe reduction ifFN tunneling.
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Table5.2. Summary of simulated results.

TOX WJFET JFET dOp'ng Vgs Ron}sp BV on tsc

(hm) | (um) (cm®) (V) | (m¥n?) | (V) | (MVicm) | (ups)
1 20 0.7 3 x 10° 10 2.71 1652 3.39 8.5
2 30 0.7 3x10° 13.3 2.71 1662 3.26 7.8
3 40 0.7 3x10° 16.6 2.71 1659 3.15 6.8
4 50 0.7 3x10° 20 2.71 1660 3.04 6.8
5 50 0.5 4 x 10° 20 2.62 1677 2.3 8.2
6 50 0.3 6 x 10° 20 2.53 1690 1.47 13.7

Fig. 5.13 and Table5.2 summarize the simulated resulWhen using reduced JFET width,
shortcircuit capability is improved from 6.8 to 13.7,|&s shown irFig. 5.11 (b) andFig. 5.13.
Not only static (lower B sp lower maximum electric field in gate oxide, and higher breakdown
voltage) and dynamic (high gydt) performance, but also SC capability (longgrlower ka,
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reduced Jmax) is improved when using SiC MOFSET with narrow JFET regions with increased

JFET doping concentration.

5.6. CONCLUSION

Non-Isothermal simulation for SC capability is performed to examine different types of SiC
MOSFET structures. To obtain exact simulation results, themateted simulation models are
developed and optimized. Thin gate oxide slightly increabegcircuit time while maintaining
specific onresistancelue to reduced saturation currddbwever, the reduceghte oxideapproach
has drawbacks due to the increase in input capacitance, resulting in sjget.dWoreover, the
MOSFET with thin gate oxide hashigher electric field in the gate oxide when compared to
MOSFET with thicker gate oxide. Ultimately, it is demonstratedan-Isothermakimulation that
reducedJFET width with increasedJFET doping concentration largely enhanbesh static

performanceand shorcircuit capability of SIC MOSFETS.
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Chapter 6

Analysis for Cell Topologies of 1.2kV 4H-SIC Planar
MOSFETs

6.1.INTRODUCTION

1.2 kV SIC MOSFETSs are becoming more widely used in power electronics across various
applicationsdue to superior characteristics over conventionally employed Si IGBTs of similar
rating. Depending on the specific gication, the importance of various requirements, from a
power semiconductor device perspectigd]ifferent. For example, low specific @msistance is
preferable to reduce conduction losses in electric vehicles (EV) [1]. High frequency applications
neal fast switching characteristics [2] to minimize switching losses. Aerospace and industrial
applications require highly reliable and rugged deviceslfi3jegards to the device architecture
and processnany groups haveeen developing methods to impros@nduction behavior [4],
dynamic characteristics [5], and ruggedness [6]. However, detailed research regarding the layout
approach, such as topology investigation of 1.2 kvl MOSFETS, is lacking; despite the
specific attributes of a given power MOSFEJpology fundamentally factoring into how the
device performsConsequently, it is of extreme interest to investigate SiC power MOSFET layout
topology variations to understand which topologies are best suited for which applications.

In this paper, diffeznt layout topologies (linear and hexagonal) and different design variations
(with and withouthebridge of Pwell) are compared using the same mask set and process baseline
to then propose a suitable SIC power MOSFET type for each application of infEnest
comparison between different devices was performed in terms of the statics, dynamic switching,

and shorcircuit characteristics.

136



Ohmic Channel

G—

JFET

N-Drift layer N-Drift layer N-Drift layer

(d) (e) ®
Fig. 6.1. Layout of (a) Linear MOSFET, (b) HEXFET, (c} BBridged) HEXFET, cross
sectional viewof (d)MA 6, -Bé) -@d.) C

6.2.DEVICE DESIGN

Fig. 6.1 shows layout and cros®ctional views of the 1.2 kV SiC MOSFETs with different
topologies, each havirgchannel length (4) of 0.4em and half JFET widtlj1/2WsreT) of 0.7
em. Accumulatioamode channel MOSFETSs were designed to obtain higher channel mobility. In
order to minimize JFET resistance, JFET implantation withrrent spreading layer (CSL) was
adopted in the fabricated MOSFETSs. P+ source is pliacta orthogonal direction to reduce the
cell pitch in MOSFET with the linear topologys shown irFig. 6.1 (a).Fig. 6.1 (d) and (e) pertain
to the MOSFET with orthogonal P+ sources and show the-sems®onal views of portions that

include N+ source contact and P+ source contact, respectidelyever, the cell pitch of
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MOSHETs with hexagonal topology increases due to the inclusiaR®fsourceas shown irFig.
6.1 (b), (c), and (f). Although hexagonal topology tewider cell pitch, the high conduction
behavior can be maintained due to the higher channel dehgityeell bridge structure was added
to protect the corner dfiehexagonal pwvell from high electriefield concentrations (BIEXFET,

Fig. 6.1 (c)).

6.3. DEVICE FABRICATION TECHNOLOGY

The devices were fabricated by Analog Devices, Inc. (ADI) fabrication facility in Hillview,
San Jose, CA, using the same base procesgdsmbed in[7]. A 10 um thick drift layer with N
type doping concentration of 8x*0cm’ 3on 6inch, N+ 4HSIC substrate was used for the
fabrication of1.2 kV MOSFETs. Aluminum and Nitrogen ion implants were used to form P
well/P+ source/JTE, and JFEEgian/N+ source, respectively. After all implantation steyere
done a 1650 °C, 16nin activation anneal with a carbon cap was conducted. A 50 nm thick gate
oxide was formed by combination ofiltrathin (2 nm)thermal oxideand 48 nm of deposited
oxide, folowed by a post oxidation anneal (POA) inONambient. TheN-type polysilicon was
deposited and patterned for the formation of the gafter, undoped silicon glass (USG) was
deposited as interlayer dielectric (ILDhenpatterned and etched to makemic contact regions
Nickel (Ni) was deposited on the frontside, followed by an RTA for the silicidation process. Next,
unsilicided Ni metals were removedd annealed by RTA at 965 °C for 2 niies. The backside
was then depositedith Ni, followed by he same RTA process. A 4 pum thick Ti/TiN/Al stack
was deposited for the source and gate metal. Silicon nitride and polyimide were used for

passivationFinally, a solderable metal stack was deposited on the backside.
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6.4. RESULTS

6.4.1.STATICCHARACTERISTICS

Fig. 6.2 (a) showsghe output characteristics of 1200 V/~30 A HEXFET. The measurement
was conducted at gate biases of 5 to 20 V with 5 V steps. The high conduction behaviors were
achieved thanks to expertly optimized cell structure and process. The JFET region was optimized
using the enhanced JFET doping witte current spreading layer (CSL). Moreover, by udimg
accumulation mode channel, the channel resistance was minirfige®.2 (b) compares the
output characteristics of the different topologies (note: substrate thinning process was not
employed). Bnspwas extracted at ¢¢ of 20 V and \4sof 1 V. As noticed, HEXFET offers the
lowest Rnspdue to higher channel density as summarizeTable6.1. Since the Rvell bridge
reduces the current path in the JFET areass higher inthe case of BHEXFET.

Transfer characteristics and transcoridoce are shown inFig. 6.3 (a). Transfer
characteristics are measured at ¥ of 0.1 V. Regardless of topologies and designs, threshold
voltages (M) are identical Z.3 V), but hexagonal topology provides low maximum
transconductance } because the channebnductance for hexagonal structures is lower when
compared with linear MOSFETSs at the same gate voltage. EspecidigXBEET has the lowest
channel conductancegsulting in the lowest &

Fig. 6.3 (b) shows the blocking characteristics of the fabricated devices. In order to look into
the cause dtheleakage current, differé gate voltages were applied under the blocking mode of
operation.At Vgsof -5 V, regardless of the split, high breakdown voltages with low leakage
currents were achieved thanks to the efficient edge termination tecliHgjued-JTE).Whenthe

negativegate voltage is applied, the channel is closed, which contributes to the formation of high
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Fig. 6.2. Output characteristics of (a) HEXFET and (b) all devicessfvas extracted at ¢ of
20 V and \4sof 1 V.

channel potential. The maintained channel potentiaer high drain voltage suppresses the
leakage currents for all devices, especially the linear MOSFET. On the other hand, the leakage
current increases atgyof 0 V. In otherwords, leakage current stems from the channel under
blocking mode at ¥ of 0 V. HEXFET and BHEXFET provide high breakdown voltage ajsof

0 V with low leakage untithe breakdown, where the channel is effectively shielded by the
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Fig. 6.3. (a) Transfer characteristics, and (b) blocking behaviors of fabricated devicess
extracted at ¥s=0.1 V and <= 1 mA.

hexagonaltopology of Pwell. Although hexagonal topology has higher chanresisity, the
increasecchannel potential due to the surroundingv@l results in the reduction of the leakage
current from the channel. EspeciallyHEXFET hasalower leakage current because the bridge

of the Rwell improves the shielding effect.
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6.4.2.SWVITCHINGCHARACTERISTICS

Fig. 6.4, Fig. 6.5, andFig. 6.6 show the measureaviching waveforms ofurn-onand turn
off for linear MOSFET, HEXFET, and-BIEXFET, respectively. A double pulse test was used to
evaluatethe switching characterigs of the devices. A DC supply voltage of 800 V was applied.
The off/on gate voltage gl/20 V, respectively, with Rof 20q used for the switching test. The
switching energies for turan and turroff are calculated &0% Vgsto 10% \gsand 90% \gsto
90% \us, respectively. The switching results for all devices are summariZeabie6.1. Linear
MOSFET hasthe fastesswitching behaviors for turon and turroff. This is because linear
MOSFET has low gatdrain capacitance (€ [8] and hightransconductancélEXFET has high
Esw(ofy When compared with BIEXFET in spite of low Rnsp The removal othe P-well bridge

causesnincreasan the JFET region, redting in high Gss

«— 20ns/ div o
<+ 20ns/ div
B : : By :
Vi e floardv | g _
. . Yaoovidy J | 34_oov1di\
m-ds. | o Vis e J10AMY
[ o e B, ) (@ | R
() (b)

Fig. 6.4. Switching waveforms of linear MOSFET: (a) teon (b) turnoff at Vgs=-4/20 V (Ry =
20 q) ¢sB00Y.Switching speedstswen = 62.4 ns,dvomn = 74.7 ns, &itching dv/dt:
switching on= 21.1 kV/ svwtchinglogsse{Ve:h 800y, hsolBA):= 24 . 3
Esw(on)= 33 3sw(oﬁ)ﬂ , 2 E6 €J.
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Fig. 6.5. Switching waveforms of HEXFET: (a) twon (b) turroff at Vgs=-4/20V(Ry= 20 q)
and Ws=800 V.Switching speedstswon)= 63.2 ns, dvoff) = 78.6 nsSwitching dv / dt
switching on= 17.1 kV/ svwtchinglogse{Ve:h 800\, hsolBA):= 19. 0
Esw(on)= 37 85\/\/(08)3 , 2 EG6 e J.

<«— 20ns / div

B B
10 A/ div
400 V / div ;
3
i W
L1004 }[zo Ons 2.5065/s 7 ]{ 4 Tun 2021] & 004 20.0n5 2.50B5/s 7 47un 2021
400v LM points SH0Y 20:39:00 400V 1M points 5.80Y 20:38:37

Fig. 6.6. Switching waveforms of BAEXFET: (a) turron (b) turnoff at Vgs=-4/20 V (R; = 20
q) ad=800 V.Switching speedstswon)= 58.8 ns, dwofn = 63.5 nsSwitching dv/dt:
switching on= 17. 2 kV/ 8vitchinglogsefVe:h 800\, hsolBA):= 25. 0
Esw(on)= 4 0 Lswof) 3 , 2%8 e J.

6.4.3. SHORT-CIRCUITCHARACTERISTICS

Fig. 6.7 shows shorcircuit (SC) waveforms of BIEXFET. The SC condition isff 20q,
Vgsof 20 V, and \4s of 800 V. At the beginning of the SC test, maximum drain current occurs,
contributing to he increase of junctiotemperature. Nextthe drain current starts decreasing
because of the reduction in electron mobility at high temperatures.

Fig. 6.8 (a) showshedrain current density of BIEXFET with different gate pulse widths.
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Fig. 6.8. (a) Drain current density of-BIEXFET with different gate pulse widths under short

circuit condition at =20 V and \4{s=800 V. (b) Drain current density of all devices when the
device is failure under the shanitcuit condition. For linear MOSFET, HEXFET, and B

HEXFET, SCWT (maximum current density) of £3

1.

4

€S

(7832 A/l.dOme S, ahdB 487

(®Pn@Babhiegd/ ¢ m

In orderto obtain shortircuit withstand timeSCWT, ), the gate pulse width increases by 0.1

es until the devicedailed. SCWT of 1.4 es was achieved in BIEXFET. Although the device

endured a gate pulse width1.5¢s, B-HEXFET failed aftethe completion of the SC condition.

This is due to the junction temperature decreasing much more slowly in the device than the SC
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drain current. Therefore, the DUT was continuously exposed to detrimental high temperatures,
ultimately resulting in the degiation and failure of the device.

Fig. 6.8 (b) compareshedrain current density of all devices when the device is failure under
SC eventThe lowest maximum current densitye4), contributing to the reduction in the junction
temperature waaccomplishedh B-HEXFET. A low Jeakresults in the increase @f tas the bridge
of the R well in the JFET region suppresses the current during SC condibmsugh HEXFET
providesbettershielding effects under blocking characteristibe,highest maximum drain current
density occurs under SC event, resulting in the shortest SCWT. This is due to the significantly
reduced Bn,sp

Table 6.1 summarize design information anexperimental result$or linear MOSFET,
HEXFET, and BHEXFET. In order to compare the different topologies and designs, the cell pitch
and the portion ofhe cell were examined. The typical static characteristics, switching test, a
shortcircuit ruggedness were investigated to fairly compare the different lajtiEX$-ET offers
the lowest Bnspwith low leakage current, providing high breakdown voltage, which can be used
in power electronics that require higfficiency performance. In higiirequency applications,
linear MOSFET can be utilized due to the low switching losselsdtirturn-on and turroff. For
critical applications that require extreme ruggedness, hexagonal topologletitidge of Pwell
is favorablesince BHEXFET providesa better shielding effect, resulting improvedreliability

and robustness.
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Table6.1. Summary of design information and experimental results.

. - B-
MOSFET | HEXFET HEXFET
Cell pitch (um) 4.4 5.9 59
Channel area (%) 32 35 29
Ronsp [mQ-cm?| @ ) )
V=20 Vand Va=1 V 334 2.83 342
Vi [V] @ Ta=1 mA 2.3 2.3 2.3
Gm[_max}[S] 0.14 0.134 0.114
BV [V]@ V=0V 1452 1554 1586
Leakage current [pA] @ . )
V=0V, Vas=1200 V ? 0.1 0.04
Tsw(on) [}lS] ((:T:' \-"g\-,=—4.-‘"'20 " -
V and Vg=800 V 624 632 88
Tsw(off) [HS] ((__{‘ \_-rg.-,:-4.‘""‘20 , -
V and Va=800 V [ 786 633
Switching dv/dt (on)
KV /] 211 17.1 172
Switching dv/dt (off) ) -
KV /] 243 19.0 25.0
Es\'\'(on) [“J—:I @/\ \-‘rg5:-4.-""20 AN
V and Va=800 V 333 378 101
Eswo) [1J] @ Ves—4/20 e
V and Va4=800 V 206 276 258
Toeak (A/em?) @ V=20 R )
V and Va=800 V 7822 8487 6830
tse (Us) (@ V=20 V and 13 | 14

V=800 V

6.5. CONCLUSION
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1.2 kv 4H-SiC MOSFETswith different layout topologies (linear and hexagonal) and
different design variations (with and withdbebridge of Pwell) wereinvestigatedo study their
effect on thestatic conduction dynamicswitching and shortircuit characteristicSsHEXFET
provides the lowest &sp with high breakdown voltage due to the high channel area. Linear

MOSFET hasfast switching speed because of the low&hd high G. A p-well bridge allows



B-HEXFET to be more reliable and rugged thanksthe shieldng effect. Experimental
measurements demonstratéhich topologies are best suited for which power electronics

applications.
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Chapter 7

Optimization of 1.2 kV 4H-SIC MOSFETs with Channel
Diodes

7.1.INTRODUCTION

SiC Schottky Barrier Diodes (SBDs) have been used in parallel with SIC MOSFETs as a
freewheeling diode in power converter applications because the infkMdiady diode of the
MOSFET has relatively high forward voltage drtpeconsiderable reverse recovery current, and
suffers from the expansion of stacking faults over the lifetime of the device [1]. However, an
additional external diode requires extra spaihin a multichip package or power module, and
adds undesirable parasitic inductance to the power loop during commutation events of the power
converter. Alternatively, when the unipolar diode structure is integrated within the MOSFET, a
significant redation in wafer area is achieved by sharing active and edge termination areas.
Monolithic integration of Schottky or JBS diode in a SiC MOSFET structure (JBSFET) and SiC
MOSFET integrating the unipolar internal inverse channel diode were reported edrligr [2
respectively. However, JBSFET from [2] has higher specificesistance due to the larger cell
pitch from the portion othe JBS diode when compared with standalone MOSFET. FotHé],
fabrication of the proposed MOSFET requires a very thin andiljeped epitaxial regrowth
processwhich may result in a complicated process.

In this paper, eliminating the regrowth process;3iB MOSFETs with inherent unipolar
diode are proposed by controlling channel design parameters: channel doping, channel length, and
gate oxide. MOSFETs with various channel doping concentrations, chiengéhs, and gate

oxides were successfully fabricated and investigated. In order to further clarify the effect of
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Accumulation channebehavesdifferently
in different operation modes gee Table I).

The design of the channel is shown in Fig. 2
VTO1_wi6. Bigi MOSEET:

1.0kV x15.0k 12/21/2020  SUNY/Polytechnic Institute CNSE_AB 3.00um
Fig. 7.1. The crosssectional SEM image of 1.2 kV accumulation channel mode MOSFETS.

Table7.1. Operation modes of 1.2 kV MOSFET with channel diode.

Operation modes Vgs Vds
. > Vth _ Strong accumulation of electrons when Vgs
Forward conduction (15 ~ 20V) v Vth; channel is formed.
Channel is closed due to thetential barrier
Forwardblocking ov > 1200V formed by depletion region extended from
Pwell.
Potential barrierbecomes lower due to Vds <
. 0V allowing current conduction. Vds should k
3Q cond dﬂggzr)] (channel ov >~ -3V largerthan approximately3V in order to
prevent bipolar operation of the PN body
diode.

channel potential, Sentaurus 2D TCAD was implemented and utilized. In addition, the reverse

recovery characteristics and switching characteristics are discussed.

7.2.DEVICE CONCEPT

Fig. 7.1 shows the crossectional SEM image of the 1.2 kV MOSFET with accumulation

mode channel [6]. The proposed accumulation mode chaeedtno be optimized to satisfy low
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Fig. 7.2. (a) Designed implant profiles for JFET andavBll implantation using SPROCESS. (b)
Net dopingprofile.

on-resistance, unipolar operation in tHé @uadrant (3Q) mode, and low leakage in the blocking
mode, as shown ihable7.1. Fig. 7.2 (a) shows designed implant profiles for the JFET amteP
implantation using process simulation from Synopsys [7]. The net doping was calculated based
onFig.7.2(a), as shown ifig. 7.2 (b). The a&cumulation mode channel was formed by only using
JFET and Rwvell implants [6]. The doping and pign oftheaccumulation channel were determined

by JFET implants.

The key aspect to consider for a MOSFET vaitthannel diode is the potential barrier in the
channel regionFig. 7.3 (a) and (b) show simulated electrostatic potential at the channel region
under third quadrant conduction mode and forward blocking mode, respectively. héen
potential barrier between théaannel and JFET region is overcome by applying negative-drain
source voltage (M), current flows through the channel region even before the conduction of the
PN body diode. The low potential barrier allows low knee voltage, providing the decrease of
forward voltage drop during the 3Q operation. On the other hand, under the forward blocking
mode,the potential barrier betweetihe N+ source and channel region determines the blocking

behaviors of MOSFETSs. High positive drain voltage makes the potentialrib@mmeed in the
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imulated electrostatic potential at channel region of MOSFETSs with accumulation
mode channel under (#)ird quadrant mode, (b) forward blocking mode, and (c) the cross
sectional view of simulated current density for accumulation mode channel MOSFETSs at various

drain voltages (¥s=0V).

(in magnitudegndthin (in width). In order to suppressdkage current from the
on, a high and wide channel potential is required. A specific channel design would

result in a tradeff relationship betweethethird quadrant conduction mode and forward blocking
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mode. Therefore, an optimized chandekign is required to provide both low knee voltage and

high breakdown voltage with low leakage current. The channel potential is governed by various
parameters such as channel doping, channel length, and gate oxide, which will be discussed in the
next chater.

Fig. 7.3 (c) shows crossectional views of simulated current density in the accumulation mode
channel at various drain voltages. Afs\éf O V, the channeis closed, resulting in insignificant
current flow. At so f -1.0 V, current starts flowing through the channel regions. As tie V
decreases, so too does the current density due to the channel region becoming fully open, providing
high conduction behavioiThe PN body diode also turns on at ®f approximately-3.0 V and
current flows through both the channel and body diode. Depending on the channel ptiential,
knee voltage of MOSFETs under third quadrant mode is altered, resulting in a change of the
forward voltage drop. MOSFETSs with low channel potential provide low knee voltage, which in
turn enables then high current to flow through the channel region. Thus, MOSFETSs with low knee
voltage (attributed to a low channel potential) enable high reversguction currents to be
commutated through the MOSFET before the operation of the PN body diode kicks in and begins
to dominate reverse conduction behavior. However, extremely low knee voltage causes high
leakage current in the forward blocking mode dudote channel potential. Therefore, it is
important to optimize channel parameters to achieve low leakage current while maintaining low

forward voltage drop during thé“@juadrant behavior.

7.3.DEVICE FABRICATION TECHNOLOGY

The devices were fabricated Aahalog Devices, Inc. (ADI) fabrication facility in Hillview,

San Jose, CA, USAT8[9]. A 10 um thick drift layer with Nepi doping concentration of about
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8x10°cm’ 3on a 6inch, N+ 4HSIC substrate was used for the fabrication of 1.2 kV MOSFETSs.
Aluminum and Nitrogen ion implants were implemented to makee®P+ body/JTE, and
JFET/N+ source, respectively. The average doping concentrations in the JFET region'®f 5x10
7x10' and 9x16%cm’ 3were used to investigate the effect of the channel dopingettration

on the operation of MOSFET with channel diode; the resultant effective channel doping are 3, 5,
and 7x16%cm’ 2 respectively. After implantation steps, a 1650 °@riif activation anneal with

a carbon cap was conductebb investigate the imma of the gate oxide, MOSFETs with 3
different gate oxides were fabricated; 25 nm deposB@dnm deposited and 50 nm thermally
grown gate oxides. For the deposited gate oxide of 50 (25) nm, 2 nm thermal oxide was grown
and then high temperature oxi@ldTO) of 48 (23) nm was deposited. After the formationhef

gate oxide, a post oxidation anneal (POA) #ONambient was implemented for high channel
mobility. The Ntype polysilicon was deposited and patterned for the formation of the gate.
Afterwards,interlayer dielectric (ILD) was deposited, patterned, and etched to make ohmic contact
regions. Nickel (Ni) was deposited on the front side, followed by RTA for theakgifed
silicidation process. Next, unsilicided Ni metals were removed and anneaieginjn RTA at

965 °C for the front side ohmic contact. Backside metal contact was also deposited using Ni,
followed by the same RTA process. A 4 um thick Ti/TiN/Al metal stack was deposited as the
source and the gate metal. Silicon nitride and polyimielee used for passivation on the frontside.
Finally, a solderable metal stack was deposited on the backside. No substrate thinning process was

adopted.
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7.4.RESULTS ANDDIscuUssIONs. OPTIMIZATION OF CHANNEL POTENTIAL

7.4.1.CHANNELDOPING CONCENTRATION
Table 7.2 shows the description of the fabricated-8 MOSFETs to optimize the
accumulation channdtig. 7.4 shows the crossectional SEM image of MOSFETs wilthannel
length (L) of 0.5 pm and channel doping of 3%¥&@m’ 3 Fig. 7.5 shows the designed implant
profile for different channel doping concentrations. Although channel depth is one of the important

factors in channel potential, in this case, the effect of chatepth was included in that tifie

Table7.2. DeviceDescription of the fabricated 48iC MOSFETS.

Gox Channel doping Lch
thickness (#/cn?) (um)

D1 | Thermal(50nm) 3x106 0.5
D2 | Thermal(50nm) 5x1(0 0.5
D3 | Thermal(50nm) 7x108 0.5
D4 | Thermal(50nm) 3x104° 1.0
D5 | Thermal(50nm) 3x10° 0.4
D6 | Thermal(50nm) 3x104° 0.3
D7 | Deposited (50nm) 3x104° 0.5
D8 | Deposited(25nm) 3x10° 0.5

*Gox=gate oxide, kh=channel length

VIT01_wf6. Big. MOSFET L

1.0kV x25.0k 12/21/2020  SUNY. Polytechnic Institute CNSE_AB 200um

Fig. 7.4. The crosssectional SEM image of 1.2 kV accumulation channel mode MOSFETSs with
achannel length of 0.5 um and channel doping of 3%a@r 3
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channeldoping. In other words, the channel depth is determined by various doping concentrations
with afixed P-well profile.

Measured forward conduction behaviors of the fabricated 1.2 kV MOSHiR gifferent
channel doping (¢« of 0.5 pm) are shown iRig. 7.6 (a). MOSFETs were measured at gabeirce
biases of 0 to 20 V with 10 V steps. The increasehannel doping provides better conduction
behaviors. In terms of channel doping of 3, 5, and #df 2 the resultant R spis 4.54, 4, and

3 . 8 3-cnfespectively (specific eresistance was extracted from output characteristicgsat V
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Fig. 7.7. Measureda) third quadrant behaviors and (b) forward blocking maidéys of O V of
MOSFETSs various channel doping.

of 20 V and \4sof 0.1 V). Increased JFET doping and thus channel doping reduces the channel
resistance as well as the JFET resistafaeg. 7.6 (b) showsthe transfer characteristics of
MOSFETs with different channel doping. For D1, D2, and D3, i¥ 2.5, 2.2, and 1.7 V,
respectively (Wi was extracted atd{of 0.1 V and s of 5 mA).

Measured third quadrant behaviors and forward blocking mode of MOSFETSs with various
channel doping are showmFig. 7.7 (a) and (b), respectivelychof 0.5 pmwas used to examine
the impact of channel doping. Due to the accumulation mode channel, MOSFETSs provide current
conduction with a knee voltage of 1~1.5 V under third quadrant mode as shBign7i7 (a); the
criteria of usable unipolar channel diode current was definedpatver density of 500 W/ctn
[10], [11]. The high channel doping results in the reduction in the knee voltage and the forward
voltage drop under third quadrant behaviors due to the decrease of channel potential. However,
low channel potential results in high leakage current, contributing tdteakdown voltage, as
shown inFig. 7.7 (b). The criteria to determine whether the low leakage current or high leakage

current isef 1200 Ve @Ghanad dopfy of 3x18° cm' 3for Len of 0.5 pm provides high
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breakdown voltages with low leakage current. Although channel doping of%eri0*has high
leakage current, it allows blocking of >1.2 kV. However, it is difficult for channel doping oft7x10
cm' 3to be used in SiIC MOSFETs with a 1.2 kV rating due to low breakdown voltage. It is

discovered thathe optimized channel doping allows MOSFE® $rovide low knee voltage and

high conduction behaviors undéethird quadrant mode with high breakdown voltage.

In order to elucidate the decreasing slope of the current under the third quadrant after operating
the PN body diode, Sentaurus 2D TCAD salation was conductedsig. 7.8 (a) shows the
simulated current density of MOSFETs with low and high P contact resistangeait-¥.5 V

and-4.5 V, which are before and after operatthg PN body diode, respectivelfig. 7.8 (b)
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showsthe drain current density of MOSFETSs with low and high P contact resistance. Before PN
body diode operation, drain current density is identical regardless of P contact resistance.
However, MOSFETs with low P contasistance allow current density to be high after the PN
body diode turns on.

Fig. 7.8 (c) shows the electron current density from N contact and P contact of MOSFETs
with low and high P contact resistance. Not only is higher channel current density (i.e. current
density from Ncontact) observed, but also higher body diode current density (i.e. current density
from P contact) are achieved in MOSFETs with low P contact resistance when compared to
MOSFETs with high P contact resistance, as showfign7.8 (a) and (c). When the PN body
diode turns onthe potential barrier in the channel is adjusted depending on P contact resistance,
resulting in the change of electron conduction.

Fig. 7.9 shows simulated electrostatic potential near the surface, starting at the N+ source,
proceeding through the channel, and ending in the JFET region of MOSFETSs witls chiaonel
doping. It can be seen théie built-in potential betweethe channel and JFET decreases for the
operation ofthe third quadrant when the channel doping increases. Moreover, the witlth of
potential barrier decreases with the increase oftthareel doping. It clearly shows there is trade
off relationship betweethethird quadrant mode and blocking mode.

Fig. 7.10 (a) shows measured output characteristic$10OSFETs with channel doping of
7x10' cm® at different temperatures. At room temperature, MOSFETS provide better conduction
behaviors. This is because operation at high temperature results in a reduction in mobility, reducing
the overall currentonduction between drain and sourEe. 7.10 (b) summarizes experimental
Ron,spat different temperatures and channel doping concentrations. Regardless of changel dop

Ron,spincreass with temperaturefrig. 7.10 (c) and (d) show measured third quadrant behaviors at
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100°C and 175°C. The high temperature resultsamlecreasen knee voltage, but the forward

voltage drop increases due to the reduction in mobility. Regardless of operating temperature, high

channel doping provides better third quadrant behaviors.

7.4.2. CHANNELLENGTH

Various Leh (1.0, 0.5, 0.4, and 0.3 um) were designed to examine the impagtaf thannel
diode behavior. Due to the decrease of channel resistance, shepssides better conduction
behaviors, resulting in lower specific-oesistance (Rsp. For Lenof 0. 3, 0. 4, 0. 5,
theresultant Rspi S 4. 02, 4. 2 7 ;cniédrespedtiyely.dl ransfercchafeterigticg of
MOSFETSs with different k, are shown irFig. 7.11(a). Forltho f 0. 3, 0. 4, wi® . 5,
1.9, 2.2, 2.5, and 3.4 V, respectivelyr{Was extracted at ¢ of 0.1 V and 4s of 5 mA).

Measured third quadrant behaviors of MOSFETSs with differerdie shown irFig. 7.11 (b).

At apower density of 500 W/ctD1, D5, and D6 operate in the unipolar mode only using electron
current. Shorter 4, provides low knee voltage, resulting in better conduction behaviors. This is
because shortershforms thinner and lower potential barrier in the channel region. In contrast to

shorter L, D4 turns orthe body diode from2.7 V. It is observed that due the unoptimized

an

an

contact resistance of P+, the current slope is reduced when the operation of the body diode begins

[12]; Fig.7.11 (b).
Fig. 7.11 (c) showsthe measured forward blocking mode of MOSFETs with variots L

Shorter L (D5 and D6) has high leakage current and low breakdown voltagder tnhocking

behaviors. Due to low channel potential, leakage current flows through the channel under high

drain voltage, reachinghigh leakage current before avalanche breakdown occurs. However, D1

and D4 provide high breakdown voltage with low leakageent, since & of > 0.5um forms a
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Fig. 7.11. Measureda) transfercharacteristics, (b) third quadrant behaviors, (c) forward
blocking mode at \sof 0 V, and (d) simulated electrostatic potential at channel region of
MOSFETSs with various channel lengths.

sufficiently high channel potential that suppresses current ctindun the channel under high
drain voltage. When the potential barrier in the channel supports high vdhtiageeakdown
voltage is then governed hiye avalanche phenomenon at the end of tiveeP region or edge
termination, not leakage current.

Simulated electrostatic potential at the channel region of MOSFETs with diffesierg L
shown inFig. 7.11 (d). In the same mannaschannel dopingl.cn shows tradeff relationship
between barrier fahethird quadrant and blocking mode. However, the potential betthedih+

source and channel for blocking mode is affected by not only barrier height but also barrier
162



thickness. Long & providesathicker and higher potential barrier, providialpw leakage current
under blocking mode. For the improvementiaf tradeoff relationship betweethethird quadrant
and blocking mode, an appropriate channel length (e.g. D1) is required to operate MO®BEETSs t

utilize the channel diode.

7.4.3.GATEOXIDE

For the optimization of channel potential, MOSFETs with different thicknesses and types of
gate oxide were fabricated. Different gate voltages were applied with different thicknesses of gate
oxide; 50 nm (20 V) rad 25 nm (12 V). Regardless tife gate oxide condition, conduction
behaviors are almost identical. For D1, D7, and D8, the resultagfiRs 4 . 54, 4 .-73, an
cn?, respectively.

Transfer characteristics of MOSFETs with different gate oxides are shokig.in.12 (a).

D8 showsa reduced W because of the increabspecific oxide capacitanc€dy). Fig. 7.12 (b)

showsa simulated \\ of MOSFETs with thermal gate oxide of Bf. It shows that M increases

with gate oxide thickness. D1 hatower Vin when @mpared with D¥vhich might be originated

from alarger positive fixed charg€ig. 7.12 (c) shows capacitanteoltage (G V) characteristics

of MOS capacitor with dferent gate oxides. It is shown that thermal gate oxide was more shifted
in C-V measurement due talarger positive fixed charge. The measuredf@r thermal and
deposited gate oxide atfE of 0.125 eV is approximately 4x#@m?eV!and 3x16tcm?eVv?,
respectivelyFig. 7.12 (d) shows measured input capacitances of MOSFETs with different gate
oxides. Since input capacitances are largely affected by gate axkieetss, a gate oxide thickness

of 25 nm causes higher input capacitances when compared with MOSFETs with a gate oxide

thickness of 50 nm.
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Fig. 7.13 (a) shows measured third quadrant behaviors of the fabricat@ICGHMOSFETs
with different gate oxides. Different gate oxides provide different third quadrant beh)aviem
accounting for the same channel dgpand Ln conditions across MOSFETSs. The differemte
third quadrantonduction behavior originates from the potential barrier in the channel region. D1
has low knee voltage due @adarger fixed charge, resulting axdecrease in the channel potential.
Although different gate oxides produce different knee voltages under third quadrant behaviors,
blocking behavior remains identi¢cal shown irig. 7.13 (b). This is because despite D1 having
the lowest knee voltage, these MOSFETS still maintain a high enough channel potential to block
high drain voltage (>1.5 kV).

In order to clarify channel potential, Sentaurus 2D TCAD simulation was conducted. The
thinner gate oxides result in lower channel potential, as showngin7.14 (a). However, in
contrast to channel length and doping variations, thigagr oxide maintains the width of the
potential barrier. As a result, the reduced thickness of gate oxide can improve thefftrade
relationship between 3Q conduction and blocking behaviors. Morettndixed charge in the

gate oxide determines the chang the channel potential, as showikig. 7.14 (b). A larger fixed
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Fig. 7.16. Summary of the plot when potential barrier of BV divided by potential barrier of 3Q.

charge causea low potential barrier. The fixed chge found within the gate oxide differs
depending on the process or recysed to form it. In this case, thermal gate oxide possesses a
larger fixed charge when compared with deposited gate oxide, and as a result has a lower channel
potential barrier, pnading better conduction behavior under third quadrant mode.
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Fig. 7.15 compares various approaches discussed earlier with respect to simulated channel
potentials in the blocking mode and 3Q mode of operatkigs7.16 plots the blocking potential
barrier divided bythe potential barrier for the 3Q operation. It is clearly discovered that the gate
oxide thickness serves as effectiveknob to control the blocking channel potential keeping
smaller changein the channel gtential during 3Q operation. In other words, the change of gate
oxide and channel lengtiasa better tradeoff relationship between 3Q and blocking behaviors.
Moreover, the change of gate oxide thickness is the better way to improve theftratiionship
as the width othe potential barrier is identical regardless of thiekness. However, it should be
noted that a certain level of the blocking channel potential should be maintained to suppress the
leakage current (The channel potential for B*60.8 V is required to obtain high BV wigiow
leakage currenffhe channel potential value of 0.8 V is selected to ensure the leakage current does

not exceed 100 €A at 1200 V

7.5.RESULTS ANDDISCUSSIONs: DYNAMIC CHARACTERISTICS

7.5.1.REVERSE RECOVERSHARACTERISTICS

Fig.7.17 (a) shows the simulated test circuit for the reverse recovery characteristics. MOSFET
0 B 6Figi 747 (a) is used as a freewheeling diode to evaluate the reverse recovery characteristics.
Fig. 7.17 (b) shows thesimulated reverse recovery characteristics of MOSHEiTh different
channel lengths. MOSFETs with short channel provide a small reverse recovery clraypEdQ
Lhof 0.3 em, O.5gro0Mm, 0a®d HCOESmmaElT® ml?vere & C/ cn
extracted, respectively. MOSFETSs with low knee voltage under third quadrant behaviors offer a

small gr.
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7.5.2.SWNITCHING CHARACTERIBCS

Fig. 7.18 (a) and (b) show simulateswitching waveforms of MOSFETs with different
channel lengths turn-on and turroff, respectively The MOSFETs withéhof 0. 3 e m have
fastest turron switching transient due to the largest transconductance [13]eF@fL 0. 3 e m, O

em, and 1.0 e m,-ondgransiengfy 1053 seJor2%98ranl, and 33E¢
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Fig. 7.17. (a) Test circuit foreverse recovery characteristics and (b) simulated reverse recovery
characteristics of MOSFETs with different channel lengths.
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Fig. 7.18. Simulated switching waveforms of MOSFETSs with different channel lengths in (a)
turn-on and (b) turoff.
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shown inTable7.3. The switching energy faheturn-on transient is calculated at 10%sY6 10%
Vds The energy loss faheturn-off transient is almost identical regardless of channel length.
Fig. 7.19 shows simulated switching waveforms of MOSFETs with different gate oxides. The

MOSFETSs with gate oxide of 25 nm have a slow‘ommswitching transient due to the laQes
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Fig. 7.19. Simulated switching waveforms of MOSFETSs with different gate oxides in (apturn
and (b) turroff.

Table7.3. Summary of experimental and simulated results.
D1 D2 D3 D4 D5 D6 D7 D8
Ron,sp
[m Y-c?] 4.54 4.00 3.83 6.54 | 4.27 4.02 4.73 4.57
Vin[V] 2.5 2.2 1.7 3.4 2.2 1.9 3.5 1.9
BV [kV] 1.56 1.42 1.24 1.58 1.53 0.91 1.56 1.56
-VE[V] 3.51 3.21 2.92 5.9 3.02 2.78 4.26 3.74
QrR i i i i i
(e C/% n 1.06 1.24 0.97
Eonf J ]| 298 - - 335 - 173 299 305
Eoff[e J ]| 32.7 - - 32.3 - 33.2 326 | 34.8

*RonspWas extracted at g/of 20V (12V for 25nm) and ¥ of 0.1V.
Vi was extracted atof 0.1V and §s of 5SmA.
BV was extracted atdof 1mA.
lleakageWas extracted at /of 1200V.
Ve was extracted at Ids efOA.
Eon was extracted at 10%gMto 10% Vis.
Eoir was extracted at 90%g3to 90% Vis.
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However, energy loss féheturn-on transient was almost identical; For thermal 50 nm, deposited
50nm, and deposited 25 nm, energy loss fortwumm t r ansi ent of 298 ¢J,
calaulated as shown imable7.3. This is because a small inrush current compensates for the slow
switching speed in MOSFETs with 25 nm. The energy losth&iurn-off transient is also almost
identical regardless of gate oxide; For thermal 50 nm, deposited 50 nm, and deposited 25 nm, 32.7
eJ, 32.6 €J, and assHowBimabld7.3wer e extracted

Table7.3 summarizes the experimental and simulated results. It turns out that short channel
length improves switching characteristics as well as reverse recovery characteristics. However,
MOSFETs withthin gate oxide cause increased input capacitance, resulting in a slow switching
speed. The optimum way for channel diode is the optimization of channel length by reducing the

channel length.

7.6. CONCLUSION

1.2 kV SiC MOSFETSs achieving a low knee voltageweell as low forward voltage drop,
underthe third quadrant mode of operation are proposed and experimentally demonstrated. This
paper provides MOSFET designers with a more manageable fabrication process by removing the
regrowth process. Also, the optiration of channel potential was investigated in terms of {rade
off between blocking mode and third quadrant behaviors. The redyged increased channel
doping results in the reduction in channel potential, contributing to the decrease of knee voltage
under the third quadrant mode. Moreover, shortef or increased channel doping provide low
Ron,spdue to low channel resistance or JFET resistance. Too sheremd_high channel doping
result in low breakdown voltage due to high leakage current fih@ohannel, butthof 0. 5 e m

(channel doping of 3x26cm’ § have high breakdown voltage with extremely low leakage current.
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The effect of thickness and fixed charge of gate oxide for channel potential was also discussed. It
is demonstrated thinner thickrseand larger fixed charge provide better third quadrant behaviors
due to the low channel potential. 1.2kV MOSFETs with channel diode are successfully fabricated
using the optimization of channel dopingnlLand gate oxide. Moreover, the simulated reverse
recovery characteristics and switching characteristics are discussed. MOSFETSs with short channel
lengtrs improve not only reverse recovery characteristics but also switching characteristics.
Consequently, the optimized 46{C MOSFETs with channel diode greomising and suitable

power semiconductor devis®r power electronics.
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Chapter 8

Demonstration of 1.2 kV 4H-SIC MOSFETs with Superior
Short-circuit characteristics

8.1.INTRODUCTION

SIC MOSFETSs have been improved in regards to specifiesistance (R, sy and breakdown
voltage BV) with improvement in the gate oxide recipes [1] and edge termination efficiencies [2],
respectively. However, 43iC MOSFETS s still elicit reliability and rggedness concerns [34].
Specifically, 1.2 kV 4HSIC MOSFETSs provide shorter shaitcuit withstand time (SCWT) due
to high electric fields at the PN junction within the MOSFET structure and higher current densities
when compared to Si insulated gatedbar transistors (IGBTs). Lower channel/JFET density [5],
source doping reduction [6], and the use of lower gate big8]flave been proposed to enhance
shortcircuit (SC) ruggedness. However, increased SCWT using these approaches results in
increaseRon,sp

In this paper, a novel approach to improve the ttieelationship between SCWT andni3p
is proposed using MOSFETSs with a deepréll structure utilizing channeling implantation. The
concept of channeling implantation has begported to fam deep junctions using low implant
energy [913]. In order to conduct the channeling implantation, a tilt angle of 4 degrees was
adjusted to <0001> direction of 46iC in 4HSiC (0001) substrates with 4 ° aftit towered <141
20> direction [10]. Extremelyigh energy is required to form deep junctions during conventional
implantation (random implantation), where the thickness of the hard mask or crystal damage
during random implants are problematic. On the other hand, channeling implants with low energy

provide deep junctions without any additional nor complicated processes. Although the concept of
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P-well (Random)

P-well (Channeling)

Channel

() (b)
Fig. 8.1. The crosssectional view of (agonventional and (b) proposed 1.2 kV MOSFETSs.

channeling implantation has been introduced earlier, the application and demonstration of
channeling implantation in SiIC MOSFETs have not been achieved. This paper reports the
successful fabrication and demtmsion of MOSFETs with deep -Well structures using

channeling implantation.

8.2. DEVICE STRUCTURE ANDFABRICATION TECHNOLOGY

Fig. 8.1 (a) and (b) show the crosectional view of the conventional and proposed
MOSFETSs, respectively. The same channel | engt
was optimized to minimize the JFET resistance. To form the deepllPregions, room
tempeature channeled implants were conducted at antijie of 4 degrees with Al and P dopants
at 350 keV and 960 keV, respectively. It is important to note that there are no additional photo
mask processes to fabricate the proposed MOSFETs with deefl. th order to form the deep
JFET and Rwell, an additional channeling implant was conducted during each implantation. The

channeling implant, which enables the formation of deep junctions using low implant energy, is
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Fig. 8.2. Implant profiles for conventional and proposedélls based on SIMS and SPROCESS

[14]. The proposed-+ell is composed of conventional random implant as well as channeling
implant. The channeling implant schedule was desidr@sed on the SIMS profile.

vital to achievemproved SCWT in the proposed MOSFET structure. The implant profiles for the
P-well of theconventional and proposed MOSFETS are shovigr8.2. The depth of channeling
implants provides around 2.5 times deeper implant than that of the random implants using similar
energy of Aluminum.

The MOSFETs were fabricated by Si Camorhe Semi
an N-type doping concentration of 8x0cm’ on an N+ 4H-SiC substrate @8 used for the
fabrication of the 1.2 kV MOSFETSs. Two wafers were used to fabricate both the conventional and
proposed MOSFETSs for a fair comparison. For the conventional MOSFETS, random implants for
Aluminum and Nitrogen were used to form thewvBll/P+ sarce/JTE, and JFET/N+ source,
respectively. In order to fabricatbe proposed MOSFETsdditional channeling implants for
Aluminum and Phosphorus during theviell and JFET implants were conducted for the formation
of the deep Rvell and JFET regions, rpsctively. Since Nitrogen only provides small

channeling effect in SiC [12], Phosphorus was utilized for the formation of the deep JFET region.
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Fig. 8.4. Forward blocking characteristics of fabricated 1.2 kV MOSFETS.

At the conclusion of all the implantation steps, a 1650 °@nitDactivation anneal with a carbon

cap was conducted 50 nm thick gate oxiel was formed, followed by a post oxidation anneal
(POA). Ntype polysilicon was deposited and patterned for the formation of the gate. After
interlayer dielectric (ILD) was deposited, the ILD was then patterned and etched to make ohmic

contact regions\ickel (Ni) was deposited on the frontside, followed by an RTA for the silicidation
177



process. Next, unsilicided Ni metals were removed and annealed by RTA. Ni was then deposited
on the backside, followed by the same RTA process. The source and gate metahl¥ssedre
deposited, patterned, and etched. For the passivation, Silicon nitride was deposited, patterned, and

etched. Finally, a solderable metal stack was deposited on the backside.

8.3. EXPERIMENTAL RESULTS ANDDISCUSSIONS

Fig. 8.3 shows measured output characteristics of the fabricated 1.eakdd SiC MOSFETS.
Under the application of agyof 20 V and a V¥sof 1 V, the conventional and proposed MOSFETSs
have almostdentical behaviors; Rspat Vgsof 20 Vanddsof 10 A ar €an#t4.253 mVYL
mY L éfor the conventional and proposed MOSFETS, respectively. However, it was discovered
that for \gsof <20 V, the drain current of the proposed MOSFETS starts to saauratower drain
voltage when compared to that of the conventional MOSFETS. It should be noted that the depletion
region in the JFET region of a MOSFET has different behaviors as a function of gate voltage. The
proposed MOSFETs have a deepeavgil juncion, resulting in a larger depletion region during
the forward conduction. At low gate voltages, a much larger depletion region occurs within the
proposed MOSFETSs. This larger depletion region constricts the current flow due to the reduction
in the effectve JFET width. The reduced effective JFET width of the proposed MOSFETS prevents
the movement of electrons, resulting in the current reduction at lower gate voltages and thus higher
Ron,sp However, at \gsof 20 V, the effective JFEWidth is sufficient taeaccommodate high current
in the proposed MOSFETs, and thus a loweisRis achieved to match that of conventional
MOSFETs. This mechanism of lower saturation current results inntpeovement of SC

ruggedness with no negative effect an 8
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Fig. 8.5. Shortcircuit waveforms of the proposed MOSFETs. SC conditonwasR 2 Qs q, V
of20V,and\sof 800 V. The proposed MOSFETs achi

350
! |

300 Conventional
i — Proposed
250 n P

wolf \

150

100

Drain Current (A)

{I A
0.0 2.0E-6 4.0E-6 6.0E-6 8.0E-6 1.0E-5

Time (s)
Fig. 8.6. Drain currents of the conventional and proposed MOSFETs under SC conditions. The
maximum drain current decreases by ~2.7 times using the proposed MOSFETSs.

The measured forward blocking mode characteristics of the conventional and proposed
MOSFETsare shown irfFig. 8.4. The high breakdown voltages with low leakage currents were
achieved thanks to the efficient edge termination technique (HyBE) and experngl optimized
cell structures.

The shoricircuit waveforms of the proposed MOSFETs are showirin 8.5. The
measurement for shectrcuit was conducted under the following conditiongoRf 2 Qsofg, V
20 V, and \4s of 800 V. Fig. 8.6 shows the drain current of the conventional and proposed

MOSFETs under SC condition. The maximum drain current decreases by ~2.7 times, compared
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Fig. 8.7. Current density distribution of simulated conventional and proposed MOSFETs under
(a) forward conduction and (b) SC conditions.

to conventional MOSFETS, when using fireposed structure due aaleeper Rwvell, resulting in

the reduction in junction temperatures in the SiC MOSFET. Due to lower junction temperatures,

resulting in the small positive temperature feedback, the drain current of the proposed MOSFETSs

exhibits a gentle slope after the maximum draiurrent is reached during the SC event. This low

junction temperature contributes to the improvement of SC ruggedness, which is ~4 times longer

than conventional MOSFET structure; Proposed
Fig. 8.7 shows the current density distribution of the simulated MOSFETs under (a) forward

conduction (\sof 20 V and \4sof 1 V) and (b) SC conditions gvof 20 V and \4s of 800 V).

The proposed MOSFETs have a deeper junction, resulting in a larger depletion region during the

forward conduction. Although the proposed MOSFETs tmwmarrower JFET width, the current

density is almost identical to that of the conventional MB%s during the conduction behaviors

as shown irFig. 8.7 (a). However, during shedircuit conditions, a much narrower and deeper

JFET region is ddeved in the proposed MOSFEBs shown irFig. 8.7 (b). This significantly

increases JFET resistance, which suppresses the saturation curre@Qiededitiors.
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The tradeoff relationship between &Rsp and SCWT was significantly improved by the
proposed structure with a deepmMell. A novel approach to improve SCWT with no impact on
Ronspenables the decrease of the saturation current under high drain bias. Thus, the channeling
implantation resolves the previous limitation of conventional MOSFETs and improves the trade

off between Bnspand SCWT.

8.4. CONCLUSION

1.2 kV SiC MOSFETs achievinlgng SCWT with no negative effect ond3pwas firstly
proposed and demonstrated by applying channeling implantation to form a-gesp RJnder
the operation condition for forward conduction, the conventional and proposed MOSFETs have
almost identicaRon,sp However, the maximum drain current of the proposed MOSFETSs during
the SC event was reduced by ~2.7 times, resulting in the increase of SCWT, which is ~4 times
longer than the conventional MOSFETSs. Chiefly, the taiflgelationship between drsp and

SCWT was significantly improved.
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Chapter 9

Development of 1.2 kV 4H-SIC MOSFETs with Short
Channel Length

9.1.INTRODUCTION

The research direction fdH-SiC MOSFETdas mainly focused aeducingthe specific on
resistance (R sy through improved channel mobilitfhe post oxidation annealing in nitric oxide
(NO) ambient [1], accumulation mode channel [2], andgjgality epitaxial channel [3], [4] have
been successfully implemented to improve channel mobliywever, the channel resistance still
accounts for adrge portion of the total eresistance of 1.2 kV SiC MOSFETSs despite many efforts
to increase channel mobility [5]. To further improve the channel resistance, short channel lengths
are preferable. However, short channel lengths result in high leakagatcwom the channel
under blockingmode operation, causing a reduction in breakdown voltage (BV) [5]. Additionally,
shorter channel lengths result in poor sfontuit characteristics (e.g. shanitrcuit withstand time,
SCWT) due to thdarger saturationcurrents. In order to break the conventional traffe
relationship betweendg®sp,and BV or SCWT, Si C MOSFETs with
deepPwe | | (1.8 em) are proposed.

This paper presents 1.2 kV 45iC MOSFETs with deep-Rell utilizing channeihg
implantation to enable short channel length [6]. The channeling implantation was dsed to
deep junctions without using MeV high energy implantation8]6 A deep Pwell structure
suppresses the leakage current from the channel undelottkéngmode of operation, resulting
in the improvement of the traddf relationship between rsp,and BV. Moreover, long SCWT

was achieved from the MOSFETs with deeél despite the short channel lengths. Output,
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Fig. 9.1. The crosssectional view of (a) conventional and (b) proposed 1.2 kV MOSFETSs.

Table9.1. Design description of the fabricatéd kV MOSFETSs

Ron,sp BV

P-well depth Channel length [m q-cn?] V]

D1 ~0. 7 e€n 0.3 ¢ 3.25 263
D2 ~0. 7 ¢ 0.4 e 3.47 992
D3 ~0. 7 €n 0.5 e 3.74 1669
D4 ~1. 8 ¢€n 0.3 ¢ 3.35 1609
D5 ~1. 8 ¢ 0.4 e 3.76 1608
D6 ~1.8 ¢ 0.5 ¢ 4,12 1615

*Ron,sp Was extracted at V ¢s of 20V and V gs of 0.1V. BV was extracted at | gs of 1 mA.

blocking, and shottircuit characteristics measured from fabricated 1.2 KV\GAEIMOSFETS are
presentedIn addition, Sentaurus 2D TCAD was used to support and clarifyettgerimental

results.

9.2. DEVICE STRUCTURE

Fig. 9.1 (a) and (b) show the crosectional view of the conventional and proposed
MOSFETS, respectively. The channel lenfith,) was varied to investigate the traol between

Ronspand BV or SCWT.khof 0. 3, 0.4, and 0.5 em were desi
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Fig. 9.2. Net doping profile (AA 6 s h drig. A.1) forrthe conventional MOSFETS using
SPROCESS [9]. The conventional MOSFETs are composed of the conventional random implant.
The a&cumulationrmode channel and current spreading layer (CSL) were designed
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* The depth of channeling implants offers approximately 2.5 times deeper implant than
that of the random implants using similar energy of Aluminum.
Fig. 9.3. Net doping profile (BB 6 s h &g 8.1) forrthe proposed MOSFETS using
SPROCESS [9]. The proposednll is composed of the conventional random implant as well
as the channeling implanthe acumulation mode channel and CSL weesigned.

same fotboth the conventional and proposed MOSFETS, as shoWwahile9.1.
The net doping profiles for the conventional and proposed MOSFETSs are sh&wnar
andFig. 9.3, respectively. There are no additional photo mask presdedabricate the proposed

MOSFETs with deep #ell. For the fabrication of the deep JFET andavéll, the channeling
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Fig. 9.4. The SEM crossectional view of the proposed 1.2 kV MOSFETSs.

implant was added during tlameimplantation ste@s the conventional random implantation
The 4HSIC (0001) substrates used in this study are with 4 degrees off towa&Dsx=Mirection.
Thereforeto conduct the channeling implantation, a tilt angld degrees was appliedabgn Al
implants with<0001> direction of 4FBiC [61 8]. Fig. 9.4 shows he SEM crossectional view of

the proposed 1.2 kV MOSFETs

9.3. FABRICATION TECHNOLOGY

The MOSFETs were fabricated at Si Camore Semi
with anN-type dopingconcentration of 8x10 cm' 2 on an N+ 4H-SiC substrate @s used for the
fabrication of the 1.2 kV MOSFETs. Two wafers were used to fabricate both the conventional and
proposed MOSFETSs for a fair comparison. For the conventional MOSFETS, ramgdants for
Aluminum and Nitrogen were used to form thewBll/P+ source/JTE, and JFET/N+ source,
respectively. In order to fabricate the proposed MOSFETSs, additional channeling implants for

Aluminum and Phosphorus during theMell and JFET implants weperformed to form the deep
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Fig. 9.5. Measured forward blocking characteristics of the fabricated 1.2 kV MOSFETS.

P-well and JFET regions, respectively. At the conclusion of all the implantation steps, a 1650 °C,
10-min activation anneal with carbon cap was conducted. A 50 nm thick gate oxide was formed,
followed by a post oxidation anneal (POA) in NO ambientypé polysilicon was deposited and
patterned for the formation of the gate. After, borophosphosilicate glass (BPSG) was deposited as
interlayer dielectric (ILD), then patterned and etched to make ohmic contact rejicked. (Ni)

was deposited on the frontside, followed byRaMA for the silicidation process. Next, unsilicided

Ni metals were removed. Ni was then deposited on the idacKsllowed by RTA process at

1000 °C for 2 mins. The source and gate metal, based on Al, were deposited, patterned, and etched.
For the passivation, Silicon nitride was deposited, patterned, and etched. Finally, a solderable

metal stack was deposited thre backside.

9.4. EXPERIMENTAL RESULTS ANDDISCUSSIONS

The measured forward blocking characteristics of the conventional and proposed MOSFETs

are shown irFig. 9.5. For the proposed MOSFETS, the high breakdown voltages with the low
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