ABSTRACT

HARMON, JEFFREY LEE 4H-SiC TrenchGate MOSFET: Practical Surfa€hannel
Mobility Extraction(Under the directioof Dr. B. Jayant Baliga

Silicon carbide(SiC) powerMOSFETdevices have the potential for a etf®usand
times lower orstateresistance compared to silicdavicesdesigned for the same blocking
voltageas defined by B a lAnalytea analySis of th&CpowerfMOSFET | t
device reveals thdhe finitespecific onresistance f t he MOSFET Obecomedr ann el
appreciable andominant in power devices designed for lower blocking voltage ratings (e.g.
1200 V). Reduction of thepecific onresistance f t he MOSFETO6sanbehannel
accomplished byeducing thecell pitch, increasing theffectivecarrier mobilityin the channel
and/or increasing the capacitarufehe gatedielectric

A trenchgate MOSFETdesignenablesa substatially smaller cell pitch compared the
planargateMOSFET structurghat currently dominates the commercial production market
Additionally, surface channel mobility on the alternative crystalline facesSoa€#&renchgate
MOSFET istypically 2-3 times greatethanchannel mobilityin planargate MOSFETstructures.
Combining the advantages of reduced pitch and increased channel mobility, thegiench
MOSFET design provides a 44% reduction irstaite resistance from the historic plagate
design.

The purpose of the research effaes toexperimenally evaluatesurface channel
mobility of practicalSiC trenchgate MOSFET structureS'he experimental design included
additional processing splits for evaluating higher permittivity-gigectricsas replacements for
the traditional silicordioxidein order toincreag the gateoxide capacitanceand further reduce

the MOSFETO=sesidapce.ci fi c on

r

r



As detailed in this dissertation, execution of this research project reqliiragplication
of a specializediata extraction methodology for channel nligbin actual trenchgate MOSFET
structures, 2) development of the fabrication process flow, tools, procedures, and process
specifications for manufacturing practi&iC MOSFET devices utilizing Research Triangle
Nanotechnology Network laboratories,@)ginal design of the trenepate MOSFET structures
and corresponding test structures with features critical-&taie performance equivalent to
those in commercial statid-the-art SiC power MOSFET devices, 4) fabrication of tBeC
MOSFET devices antst structures, and 5) electrical characterization of fabricated devices and
test structures.

No operational trenclgate MOSFETSs were producedtributed to capabilitiimitations
in available fabrication toolsThe suspected root cause ttog zeroyield of trenchgate
MOSFETdevicess anonconformal aluminum gate metal depositishich issupported by the
successful operation of the complementary playzae lateral MOSFET structures-fabricated
in this study. The fabrication process splits floigh permittivity gateoxide MOSFET devices
were incomplete attributed t@apabilitylimitations of available fabrication process tools.

One hundred eighty eightversionmode planagate latereMOSFET structures having
a 40nm thick gateoxide (detemined by GV on cofabricated NMOS structures) grown byry-
thermaloxidation without a nitridation anneaemonstrated aaverage surfaeehannel
effective mobility of 3.8&m?/Vs. Using inear transmission line measurements, the N+
source/drain contacesistance was determined to be 2&E-gqr? and the sheet resistance for
the N+SiCmat er i al Avas codtdctd weredound to be ronductive at potentials

up to 10 V.



Effective mobility demonstrated a strong positiveartemperature depelency at
+0.045 cni/Vs per K over the temperature range 300 to 400°C which is consistent with an
expected high density of interface trapped chargdack of nitridation capability Data
obtained supports the theory tladtelevated temperatures, fpap electrons are released
producinga higher density ainobile channeglectronsproportional to the density of interface
trapped chargeDetermination of interfacstate density on the fabricated devices was not
possible because dabricated PMOS caacitor test structures were néumctional (root cause
is likely associated with theon-conductive P+ contacts).

A primary significance of this research is in providing a foundation from which future

SiC power device experimental fabrication researébref may be launched.



© Copyright 209 by Jeffrey L. Harmon

All Rights Reserved



4H-SiC TrenchGate MOSFET: Practical Surfa€ghannel Mobility Extraction

by
Jeffrey Lee Harmon

A dissertation submitted to the Graduate Faculty of
North Carolina State University
in partial fulfillment of the
requirements for the degree of
Doctor of Philosophy

Electrical Engineering

Raleigh, North Carolina
2019

APPROVED BY.

Dr. B. Jayant Baliga Dr. Victor Veliadis
Chairof Advisory Committee

Dr. Jom Muth Dr. Veena Misra



DEDICATION
This work is dedicated to the betterment of mankindtarite sustainable stewardshiptioé

oneearth that supports us all.



i
BIOGRAPHY

Jeffrey L. Harmorhas demonstrated expertise in advancing wide bandgap semiconductor
power device and photovoltaic technologies, two key elements of the global clean energy
economythrough experimental research, teaching, and voluntary educational activities,
augmented wit extensive manufacturing engineering and quality management experiences.

Jeffis currently a Research Scientist for the PowerAmerica Institute devekipiegf-
the-artsilicon carbidesemiconductofabrication capabilitiesvith theNorth Carolina State
UniversityNanofabrication Facilityeamfor pilot manufacturingsiC power devices.
Responsibilitiesnclude project planning, defining process sequencing and tooling requirements,
developingstandardizegrocess block unit stepsssessing & maximizinine-edge control
capabilities and designing test structutevices for comprehensivprocess control and SiC
power devicgoroduct monitoring.

Since May 2014Jeffhas been pursuing himctoral degreégraduatiorDecember 2019)
for whichhedesigned and fabricatedistomized SiC MOSFET devices utilizing capabilities in
Research Triangle Nanotechnology Network (RTNN) laboratane@sdingN C S U 6 s
Nanofabrication Facility (NNF), NCSUb6s Anal yt
Chapel Hil Analytical and Nanofabrication Laboratory (CHANlGndDu ke Uni ver si t yds
Shared Materials Ingtmentation Facility (SMIF).

Prior to SiC power deviceesearchJef® sesearcteffortswerefocusedon multijunction
solar cellsvhere hademonstratethe hghest reported peaturrent density (1000 A/cHin a
thermally stable, higibandgap tunnel junction crystalline structure for practical application in

multijunction solar cells Jeff presented’he Potential and Issues of Multijunction Solar Cells



\Y
Operating at 2000x Solar Concentratioasthe Electronic Materials Conference in June 2012.
Jeff has ceauthored eight peeaeviewed publications and is an active member of IEEE.
J e fehrdesh Master of Sciencgegreen Electrical Engineering frolorth Cardina

State University in Raleigim May 2012 Partially supporting his graduate educatideff

investedeightsemesters and fosummerperiods as a Teaching Assistatateducating ounext

generation of engineer®r which hereceived strong positiieedbacksuchasfil| am gr at ef u
for his help and not sure | would have passed
you provided was gamechanging. o ; AThank you

class. 0; fAThankls 7T &ffwasominatddbe r W CIsaJIosf WOut st andi
Award in 2010.

Jeff was awarded a Graduate Assistance in Areas of National Need (GAANN)
Fellowship in Nanoscale Electronic and Energy Materials (NEEM) in 28Limmer 2010, Jeff
co-mentoreda ResearclExperience Undergraduate (REU) student which culminated into an
Engineering Grand Challenge winning poste2011for Making Sdar Energy Economical,
awarded bythe American Council of Engineering Companies (ACEC/NC) and Professional
Engineers of North &rolina (PENC).Jeff creatednoriginal presentatigrEnergy &
Photovoltaics The New Energy Eravhich was presented to theEE student chapter at NCSU
in 201Q and presented in 2009 & 2010ttee Young Scholars (YS), Research Experience for
TeachergRET), and Research Experience for Undergraduates (REU) programs Fortihe
RenewablélectricEnergyDelivery and Manageme@REEDM) Center, a National Science
Foundation (NSF) Engineering Research Center (ERC)

J e fatqdiedextensive manufacturingrocesengineering and quality management

experiencesluring hisoriginal careein the textile industryJ e f f 6 acturimg n u f



\

accomplishments include over $946,000 in documented agavialgs through improvements in

safety, quaty, productivity, delivery, and customer satisfaction wisildstantiallyeducing
inventoriesandleadtimes J e fekpérigncealsoincludes being a key engineer/manager in two

new, -ippd amanufacturing facil it ofersemanafactiring or a ¢
facility into another.Jeff haseffectivelyimplementedractical application of statistical methods
(SPC/SQC, DoE) and Deming based quality programs-@&@, QS 9000, FMEA, PPAP,

MSA) empowering associates $el-manage witifact-based decisiorsndwas aProcess

Engineerfor Milliken & Company when receiving the Malcolm Baldrige National Quality

Award.

Jeff is the first person in his entire extended family tree to achieve a doctoral degree.



Vi
ACKNOWLEDGMENTS

| am grateful for tke fantastic opportunity to conduptaduateesearcthereat North
Carolina State Universityl am thankful to the Electrical & Computer Engineering Department
for financial supporvia teaching assistantships. This work would not have been possible
without funding from thé>owerAmericdnstituteand the U.S. Bpartmenbf Energy.
| would like to express my gratitude By. B. JayanBaligafor his serviceas myAdvisor
& Committee Clair. |1 am especially grateful tOr. Baligafor providing valuable time each
week sharing higechnical expertisi critical reviewsand mentoring me through the doctoral
process | am also grateful fothe manycomprehensivand precisely detailed seronductor
power device physidsooks Dr. Baliga has publishaghich have also enablade to gairan
enormousamount ofknowledgefrom his experiences.
| would like to thankDr. Victor Veliadis, Dr. John MuthandDr. Veena Misramy
Graduate Committee Mdwars fortheirtime and support and Dr. Stephdichielsenfor his
service r epr 6radaatebchonlg NCSUOG s
| am grateful for thdkesearch Triangle Nanotechnology Network (RTNN) laboratories
that made thiexperimental work possible includifngC S UNiasofabrication Facility (NNF),
NCSU6s Analytical | nsWNCasne@GhapelonHIiFlalci Amalyy t{ iA
Nanofabrication Laboratory (CHANL) and Duke Universityés Shared

Facility (SMIF)for laboratory facilities and prossing assistance.



Vii
TABLE OF CONTENTS
ST IO S 1Y = 1 T Xii

LIST OF FIGURES ... e Xiii

Chapter 1: Background & Motivations

(00 R [ o1 (0T U T 1[0 DO PP P PP PPPPPTPPPPPPRPS 1
1.2  Silicon Power MOSFET and the Fundamental Tradeoff..............ocvvvieeeinecennnee. 2
1.3 Wide Band Gap Materials for POWEr DEVICES.......cccceeeeeeeeiiiiieeeiii e eeeeeeeeeeies 5
1.4  4H-SiC TrenchGate POWer MOSFET..........couiiiiiiiiiiiieene e eeeeee e 8
1.5 Crystal Orientation Impacts on Mobility.............cccooviiiiiien e, 11
1.6  4H-SiC Trench MOSFET Specific GResistace & Highk Gate Dielectrics............ 17
1.7 REIEIENCES. ...ttt e e s e e et e e e 22

Chapter 2: Physical Models for Mobility

/22 A [ o1 o o [FTox 1 o] o WO 23
2.2  Physics of the MOS CapacCitOr..........cceeiiieieeeieceeeicciee e eeeeeeeene e e e e e e 26
2.2.1 MOS BiaSing MOUES. .......ccoiiiiiiiiiiiiitieee ettt e e eees e e e e e e e e eeeens 27
2.22 The ldeal MOS CapacCitOr...........uuuuiiiiiiie e ceeeiiiieee e e e e e e eeeer e e e e aeeees 30
2.23 Practical MOS apacitor- threshold voltage...............ccccvvviiiieemniiiiiiiiieee. 35
2.24 MOS CapacitorElectric Field & Potential Distrilstions and Energy Band
D] F= o | =10 o D PP PPRP PP PPPPPP 45
2.25 MOS CaApaCItANCE......uuuieieieeeeeeeceeeieeeie et e e enme e e e e e e 47
2.3  Physics oMOSFET DeVvicaMobility ...........ooovuviiiiiiiiii i eeeer 48
2.3.1 The Conductivity Mobility CONSIANL..............uuuiiiiiiiiiieeeiiiiiiieiieeeeeee e eea 49
2.3.2 SurfaceChannel Mobilityi Unique Scattering Mechanisms....................... 51
2.3.3 Review ofEmpirical SurfaceChannel Scattering Modsl........................oce 55
2.3.4 ChanneElectronQuantum Confinement...............ooeeiiiiiicceie e 60
2.3.5 FowlerNordheim Quantum TunnelingGate Oxide Leakage Current......... 64

24 Y (=] (=) A (o<1 T T T PR 66



viii

Chapter 3: Mobility Study Experimental Design

3.1

3.2

3.3

3.4

35

TrenchGate MOSFET Surface Channel Mobility Extraction Methodolagy........... 68
Simulated Redictions for Mobility Trial.............cceiiiiiiie e 73
Fabrication DeViCe DEeSIQN..............uuvuvviiiiimreeeeiiiiiiies s e e e e e e e emssnnnsneeeeeeenneennnnn d &
Fabrication Mask DeSIGIL......cciiiiiiee e ieeei e mmme e an 16
3.41 PhotolithOgrapiy.......cccoiiiiiiii e e e e 76
3.4.2 Contact Photolithography..........ccccoeeieiiiiiiieeee e 76
3.43 Manual Alignment Markings...........ccocoiuuuuimmiiimmmiri e eeeeeee e 78
344 MASK LEVEIS.....cooiiiieeeee e 79
345 MASK POIAIIEY......uuiiiiiiiiiiiiiiie e 80
3.4.6 MaSKDEINEALION. ......uuuiiiiiiiiiiiiiiii ettt e e e e e e e e e e e e e 81
3.47 Computer Aided Layat DeSign (CAD).......cueiiiiiiiiiiiieiiiieeeeeeeeeee 381
] (=] €= o = 83

Chapter 4: Fabrication Process Design and Development

4.1

4.2

4.3

4.4

0T[5 ox 1o o USRS 84
4.1.1 Fabrication ProCcess SEQUENCE..............uuuruuuuummmreeeeeerrerrennnnae e e s smenenssnnnnns 84
4.1.2 Research Fabrication Process/Blepment EffortMethodology.................... 89
4.13 Unique Pocessing for Silicon Carbide.............cccoeiiiiiiiicccicieieeeeeeeeeee 90
4.1.4 Fabrication Process Unit Step Devel@TEforts............ccceveeiiiiiiiiieecinnnee. 91
4.15 Justification for Utilizing the NCSUNNF .........cccooiiiiiiiiieeee e, Q3
4.1.6 Four GateOxide Formation Fabrication Process Splits.............ccccvvvvieenn. 94
Fabricaion Step 0: Wafer MateridDesign &Development..............cccccviiviinnnnnnnne 97
4.21 Breakdown Optingation- Drift Region Design..............ceveeieieiescecciiiinnn. 98
Fabrication Stefl : 0 Z e ProcesDEdign & Development.........cccceeeeeeeeeen. 100

Fabrication Step 2: Msking for P base Implantatidfroces®esign &
DY o] o] (-1 o | IO TSSOSO PPPTPPPPI 103
4.41 1.4 ym SiO2Mask Formation Process Design..............evuvvvvvimreeeeenennnnns 105
4.42 MaskFormation Process Development.............oooooiiiimmmnnieeiiiiiiiiiineee 107
4.42.1 Stage 1: SiO2 deposition procekeselopment: (tool selection).....108
4.42.2 Stage 2: Densification prose development of PECVD SiO2......111
4.42.3 Stage 3: Photolithography prasedevelopment of etchildask.....111
4.42.4 Stage 4a: Dretching silicordioxide process development......... 113
4.42.4.1 Development otJnique Etch Process Metrology........ 114

4.42.4.2 SiO; Dry-Etching ProcesBundamersdl Theory............. 116



4.5

4.6

4.7

4.8

4.9

4.42.4.3 Phenomenon Discoweand Theoretical Development

of the Robust Silion Dioxide Etching Procedure........ 119

4.4.2.4.4 SiO; HardMask Dry-Etching Procedute..................... 126

4.42.5 Stage 4b: Weetching FECVD Silicon dioxide..............ccccvvvvvenee 127
4.42.6 Stage 5: Removal of photoresiand fluorocarbon residues........ 128
Fabrication Step 3: P Base lon ImplantatRmcesPesign & Development.......... 130
0 A [ 0T [ {1 o] o PP 130
452 P-Base ReQiON DESION.........ccovviiiiiiiiiiiimmmeeeeeeeeeeiinies e e emmrsnnnnnn s 131
4.53 P Basdon Implantation Process DesSign...........cccoouviiiiiiiccceeeeeii s 135
454 P Basdmplantation Process Development..........ccccceeviiiiiieccvviiiiiinneennn. 137

Fabrication Steps 4 & 5: Masking and lon implantation for N+ Source/Drain

PrOCESEIESIGN ...t 138
4.6.1 Step 5:N+ Source and Draimmplantation Process Design...........ccccc....... 138
4.6.2 Step 4: N+ Source and Drain lbmplantation Masking Process Design....139
Fabrication Steps 6 & 7: Masking and lon implantation for P+ CoRtatess
7S o | o ST 140
4.7.1 Step 7: P+ Contact Idmplantation Process Design.............cccvvvveiiieennnes 140
4.72 Step 6: P+ Contact lon Implatton Masking ProcesDesign..................... 141
Fabrication Step 8: Higlfiemperature Activation Anne&lrocesPesign &
DEVEIOPMENL ...t e 142
4.81 CarbonCapping ProcessdY¥elopment.............couvvvvveuiiiiceeeeeirninineeee e 143
4.82 Packaging and ShIPPING.........eeeeeiiiiiiiiiiieeeiiieiii e immme e 144
4.83 CarbonCapremoval Process Development...............eeiiiieeenvvvinnnnnnnn. 145
FabricationStep 9: Trench EtchingrocesPesign & Development....................... 147
e I [ 0T [ {1 0] o SRR 147
4.92 SiC Trent Dry-Etching Process DeSIgn..........cceeeeiiiieeecceeciciiieee e 147
4.93 SiC Trench DryEtching Process Development............cccevvvviviieeeivinnnnnee. 151
4.93.1 Trial #1:ICP-RIE Dry-Etching SiC with SFs anda Photoresist
Y= T PP 151
4.93.2 Trial #2:RIE Dry-EtchingSiC with SFs anda Silicon Dioxide
Y= T PP 156
4.93.3 Trial #3:ICP-RIE Dry-EtchingSiC with SFs anda Sjuaredwall
Photoresist Mask...........ooveeeiiiiiiiiieeeeeeeee e 160
4.9.3.3.1 Spin coater spin spdgrocess development trials......161

4.93.4 Mobility Study 4HSiC device wafedry-etching process & result462

4.10 Fabrication Step 10: Post Trench Efjyching Processing (Sacrificial Oxidation)

ProcesPesign & DeVeloPMENT.........c.oouiiiiii i emme e 164

4.11 Fabrication Step 1MWafer Quartering Proce&esign & Development................. 167



412

4.13

X

Fabrication Step 12: Gatexide FormatiorProces®Pesign & Development.......... 171
4.121 Process Split #1 Dry Thermal Oxidabn GateOxide Process Design....... 171
4.12.2 Process Split #1 Dry Thermal Oxidation Gat®©xide Process

DEVEIOPMENL ...t e 177
4.123 Process Split #2 Deposited #, GateOxide Process Desigh

DEVEIOPMENL ...t e 181
4.12.4 Process Split #3 Deposited Higkk Dielectic GateOxide Process Designl184
4.12.5 Process Split #& Deposited Silicon Nitde GateOxide Process Design.....185
Fabrication Steps 13, 14 and 15: Contact and Gate Fornizegign &
[TV =] (o] o 1] | 186
4.131 Metallization ProCess DEeSIQI...........uuuruuiiiiiiiiieaeiiiiriniieeeeeeeeee e e e e e eeeeeeeeees 186
4.132 Fabrication Step #1% Contact Méal Formation Process Design............... 188
4.133 Fabrication Step #16 Gate and Probe Ma& Formation Process Design....189
4.134 Metalization Process Development..........cccceeeveeiiiieceeeiiiiiiie e 190
4.135 Fabrication Step #14 Process DevelopnienProcess Splits #1 and #2....191
4.136 Fabrication Step #14 Process Diey@nent for Process Split #3................ 196
4.13.7 Fabrication Step #18Wet-etching Process Development...................... 199
4.13.8 REIEIENCES. . cuiiiiiiiiiiiiiee et 202

Chapter 5: Characterization and Experimental Results

5.1

5.2

5.3

5.4

5.5

Electrical CharacCteriZation...............eeeeiiiiiiieeeiiiiiiiieeee e e e e e e e e e 208
Expetimental Results Summafgr the Four Process Splits................ovvvvvvvicmennn... 210
Process Split #1 (dnhermal oxidation gatexide).........cccceevveeeeeeiiiiieeciiieie e, 211
5.3.1 Trench MOSFET StructurédsZero Yield............ccccoeviiiiiiiiiimene e 211
5.3.2 Contact Resistance Measurements (TLM)............oovviriiiieee e, 212
5.3.3 MOS Capacitance Measurement ReSUIS..........cccoovvieiiieccciiiiiieiee e 215
5.34 MOSFET CharacteriZatiOnl........ccuuuuuuiieiiiiiieamiiiiiiiieeeereeeeeeeeeeeseeeeeeeeaeeeas 216
5.35 PlanarGateMOSFET Measurente Data................eiieiinieeeeeeciiiininnneeeene 218
5.3.6 Crystal Orientation and @&har MOSFET Channel Mobility........................ 223
5.3.7 Channel Length Imgas on Phnar MOSFET Devices.............cooovviiiiiiieenn. 225
5.3.8 Temperature Impzs on Planar MOSFET Devices..........cccccevvvvvvvvieemneenn. 229
Process Slit #2 (ALD SiO2 gateoXide)..........ccoiviiiieiiiiiiiimmmeeeeeeeeeeveaee e eemrees 237
5.41 Contact Rsistance Measurements (TLIM).........eeveiviiiiiiiieemiiiiiiiieeeeeeen, 237
5.4.2 MOSFET CharacterizationSuspect Root Causes for a Zero MOSFET

Device Yield in Process SPlt #2........cuuiiiiiiiiiiiiiieeee e 238
] (=] €= o = TR 241



Xi

Chapter 6: Future Work Recommendations

6.1

6.2

6.3

6.4

6.5

6.6

6.8

NO Nitridation Capability..............uiiiiiiiii e e, 242
MOS Hall Bfect Measurement Capability................ciiiiiiiieeeiiiiiiie e 242
ShieldingExcessive Electric Fields in the 451C Trench MOSFET Gat®xide....... 243
ElectricFields in Highk DI€leCtriCS.........ccoviiiiiiiiiiiiemme e 247
INterface ENQINEEIING..........oovvviiiieiicce s e e errnr s e e e e e e e e e e e e e eaeenas 249
Electric Field Profile with an Az Gate DielecCtriC..............cccvveveeiiiicmniiiieeeeee 251
RETEIEINCES.....ceiiiee et 255

Y o] o =T 3 T [ GRS PUPPPPPUPPOPPR 256



Table 1.1

Table 1.2

Table 1.3

Table 1.4

Table 1.5

Table 1.6

Table 1.7

Table 1.8

Table 1.9

Table 3.1

Table 61

Xii
LIST OF TABLES
Comparison of BFOM of Si and 4HiC for 1200V Device............cccceeeeeeennn. 6

Specific onresistance of 4+6iC verticall200V planaichannel power
O 3 o N ISP 8

Specificon-resistance of 4+6iC vertical1200V trench power MOSFET......10
Motivation for 4HSiC trench MOSFET Reduced specific eresistance.......10
Advantages of high channeilobility in 4H-SiC 1200V trench MOSFET......17

On-resistance ofH-SiC 1200Vtrench MOSFET with higher channel
mobility vs a planachannel design................oiiiiiiiiceccccc e 17

Impact of highk dielectric on trench MOSFET specific-oasistance............ 20
Impacts of high mobility & higkk dielectric on trench MOSFET specific

(0] o €25 5] = U Lo = PR 21
Layout design mask polarity SelectiQn.................eeeeevieemiiiiiiiiiiiiiieieeeeeeen 80

Analytical analysis of a Si¢DAlI.Oz multi-layered gate dielectric stack......253



Figurel.l

Figure 1.2
Figurel.3
Figurel.4
Figurel.5
Figurel.6

Figure 1.7

Figure 1.8

Figure 1.9

Figure2.1

Figure2.2

Figure2.3
Figure2.4
Figure2.5

Figure2.6

Figure2.7
Figure2.8
Figure2.9

Figure2.10

Xiii
LIST OF FIGURES

Vertical power MOSFET schematic in blockingpde with electric field

S1 011 =P PPPPPPPPPPPP 2
Siliconds fundament al t.r.ade.of.f...c4rve
Fundamental tradeoff curve for power deviCes...........cccovvviiiiccceeeeeeeeeeee 6
4H-SiC vertical power MOSFEWith current path highlighted...................... 8
Motivations fa the trenchgate power MOSFET.........ccoiiiiiiiiiiiiin 9

4H-SiC vertical power treneateMOSFETwith current path highlighted...10

a) 4HSiC (0001) wafer crystal orientationb) Crosssectional view of
basal (0001) plane in hexagonaystal structure.............ccccevvvvvevvieeneeeeeeeee, 11

4H-SiC vertical power trenegateMOSFET with curent path highlighted....18

Gateoxide relative permittivity impact on specific channel resistance
ONTrENC MOSFET......ouiiiii e rrer e eeaaneees 20

4H-SiC bulk electron mobilities (model details described in text)............. 25

Bulk electron mobility as a function of temperature for theSi8 ptype

base region of the mobility study.........cccooeiiiiiiiiiieee e 26
Energy band diagm of 4HSIC MOS capacitor at strofigversion............... 30
Semiconductor charges as a function of surface potential...................... 32
4H-SiC inversioamode MOS threshold voltage for varying Qit................. 42
Semiconductor charges and interface trappadgeh(Qit) as a function of

SUrface POLENTIAL.........oooi i 43
Effective electric field versus gate bias (with and without.QIit).................. 45
MOS Electric Field Distribution.............ccc.evvviiiiiieesiiiiiiiiiiiieeeeeeeeee e 46
MOS Potential DiStriDULION...........cooiiiiiiiiiieees e 46

Energy band diagram dH-SiC MOS capacitor biased to threshold of
S (0] a1 1T 1Y =T =[] o USSP 47



Figure2.11
Figure2.12

Figure2.13

Figure2.14

Figure2.15

Figure2.16

Figure2.17

Figure 2.B

Figure 2.B

Figure3.1

Figure3.2

Figure 33
Figure3.4
Figure3.5
Figure 3.6
Figure 3.7
Figure3.8
Figure 3.9

Figure 4.1

Xiv
Actual MOS capacitance as a function of actual MOS gate .hias.............. 48

6H-SiC electron surface mobility with surface coulombic scattering......... 56

4H-SiC surface electron mobility scattering components & cumulative
1] 0= o! ST TPTPTPPPPPPPTRRPPPPPPPPPPP 57

4H-SiC surface electron mobility for varying interface trapped charge
(0 =TS [P 59

4H-SiC (0001) surface electron mobility for varying interfaceped
dhargedensities with and without surface roughness scattering............... 59

Quantum confinement effectgonduction band energy level increase at
threshold VOItAgE. .........ccooiiiieeeeeeeee e 61

Quantum confinement effects for gate biases above threshold................ 62

4H-SiC energy band diagram showing triangular barrier at threshold

VORBGE ... 64
4H-SiC energy band diagram showing triangular barrier at a gate voltage

OF L5 Vot 65
Very | ong channel oW@&Ssbribghanoel mobilkya.t.G8E T 0
(a) Trench MOSFET schematic showing channel is vertically orientated.

(b) Unique structure for extractingghch MOSFET channel mobility........... 69
Mobility studytrenchgateandplanargateMOSFET stratures..................... 70
Mobility studytrenchgateMOSFET data extraction methad...................... 71
Mobility study planargateMOSFET data extraction methad...................... 172
Overhead view of trenchind planar MOSFET structures.............ccceeeeeeeneee. 74

Trench MOSFET structure schematic watitical pattern edges itemized.....78

Complete MasK [aYOUL.............uuiiiiiiiiiiieeeii e 82
Die layout over a 100mm WatL..........ccoouiuiiiiiireeriiiieiee e 82
Fabrication sequencing with structural schematics............cccccvvveemeeeneee. 86



Figure 4.2

Figure 4.3

Figure 4.4

Figure4.5
Figure 4.6

Figure 4.7

Figure 4.8

Figure 4.9

Figure 4.10

Figure 4.11

Figure 4.12
Figure 4.13
Figure 4.14
Figure 4.15
Figure4.16
Figure 4.17
Figure 4.18

Figure 4.19

Figure 4.20

XV

Gateoxide permittivity impact on specific channel resisaircthe
trenchgate MOSFET........ooo oo a5

Punchthrough breakdown potential as a fuantof N- drift region doping.....98

Onresistance as function of breakdown voltagedrift region design
chosen to be 10 pm thickness and 8.E18/eitype dofng .........cccoveevreeeeee. 99

Possible materials for masking the P base ion implantation process......103
Al ion penetration into the SiO2 masking material...................ooeeeeeennes 105

Cracking/flaking after densification for TEOS SiO2 PECVD from
NCSUNNE. ... e e e e e e e e e e e e anmmeanns 109

Uneven SiO2 deposition frobuke-SMIF PECVD tool; image taken
(o] 0T g (o X UT g1 (o= To [T o TSR 109

Metal coins that hableen previosuly used as wafer stops inside Buke
SMIF PECVD..... ettt ren e e e et e e et e e e annes 109

Two-dimensional current density profile in 451C trench MOSFET
structure in blocking MOde...........cooiiiiiiii e 132

Impact of Rbase region thickness on reabinough condition in trench

MOSFET structure for 1E17/chp-type doping.........cccceeveeveereeveeeeeereenene. 133
P base reacthrough caused breakdown.................ouuviiicciieiiiiiiiiinnn, 134
Two-dimensional current density profile for additional simulatians......... 135
Predicted Al ion profileinthe 4431 C mobi | i ty st.ud.yl86s

P ba:

Closeup of P base implantation schedule near the4HC waf er..d37 sur f a

Nitrogen ion implantation schedule for N+ source and drain regians.....138
Nitrogen ion penetration into the silicon dioxide masking material......... 139
Aluminum ion implantation schedule for the P+ contact regian.............. 140

Aluminum ion penetration into the silicon dioxide masking material for
P4 CONTACT. ...t rnee e 141

Package damages by UPS during return shipment from Centratherm...145



Figure 421

Figure 422

Figure 423

Figure 424

Figure 425

Figure 4.26

Figure 4.27

Figure 4.28

Figure 4.29
Figure 4.30

Figure 4.31

Figure 4.32

Figure 4.33

Figure 51

Figure 52

Figure 5.3

XVi
Trial #1 dryetched SiC trench SEM images (NGAIF FEI Quanta

Trial #1 sidewall striations and contamination (NGAWF Hitachi
S3200N SEM)...cuiiiiiieiiiiiiiii e rmee sttt enamr e e e e e e e anans 153

Verios SEM images of Trial #1 trench sidewall roughness (assumed to
D CArDON) ... ——— 154

Trial #2 dryetched SiC trench SEM image (NC&UF FEI Quanta

4H-SiC modeled drthermal oxidation curves for sacrificial oxidation
PrOCESS FULL..ceuuuiiiiiieeeti e e ettie s e e et e e e et e e e et e e s enmme s e e e et e e e et neeesa sanneeeees 166
Purchased saw blade:HO5 S D4 00.0....N.1..5 0 ccccccceeeern.n. 167

Oxide thickness data on Si wafers in the sacrificial oxide thermal growth

10L& SIS U o PP 178
Modeled Si oxidation curves and actual process.data...............cccccoeeen.. 179
4H-SiC modeled oxidation thickness CUrves............ccccovviiiicccee e 180
The crucible | inerds position after
Image taken upon opening the NGSIN F  eébéam [Evaporator.............. 197

Glassy coated graphite crucible liner containinng Al metal and broken at
the beginning of thaitial depoSItioN rUN............eeiiiiiiiiiiiiieeeee 197

Hearth inside the NCSBI N F  ébéam Ehamber after removing the
broken crucible liner with Al metal...........ccccooeiiiiiiiiecc e 198

Mobility Study Fabrication Process Split #1 quarter wafer under test on

the PowerAmerica Pow&evice Electrital Characterization Station......... 208
Power Ameri cads Semiconductor Power
Stationmanaged by B. Jayant Baliga.............ccoooviiiieeeiii e, 209

Signatone probing station microscopic image of probe tips, with Kelvin
configuration on source and drain, set on a mobility study trgatd
MOSFETURVICE. ...ceiiiiiiiiiieeee et e e e 212



Figure 54

Figure 55

Figure 56

Figure 5.7

Figure 58

Figure 59

Figure 510

Figure 511

Figure 512

Figure 513

Figure 514
Figure 515
Figure 516
Figure 517
Figure 518
Figure 519
Figure 520
Figure 521

Figure 522

XVil
Process Split #1 N+ source/drain contacts demonstrate excellent ohmic
BENAVIOL.... .. i e 213

Process Spilt #1 TLM results for N+ cawct resistancdetermiration........... 214

Process Split #1 P+ contacts demonstrate an infinite resistance (i.e. no

(o0 ] ] 7= T 1 USRS 214
Process Split #1 WMOS capacitance for determining thickness of gate

(@ 1o = PSPPI SUUPRRR 216
Mobility study device quarterwafr i n t esting on

Device Electrical Characterization StatiQn................cevvviiieeeiieeeeeeeienennnn. 217

Example of ldVg (at Vd = 100mV) curve captured foryanalysis.
The quasiinear region is highlighted in orange and the linear extraction
Method fOV TH IS SNOWN........uiiiii e 219

Histogram of threshold voltage values for planar MOSFETSs in Process

0 11 =3 SR 219
Measued MOSFET transfer CUIVe Set..........oovevvviivvviiireeeeeeeeiiiinnns 220
Linear regionds sl ope determinati

effectivemolility calculations..............ooooviiiiiccc s 221

Histogram of effective mobility values for planar MOSFETS in Process

SPIE AL ..o eee et eeee e 222
Orientation angle impacthomeasured threshold voltage.......................... 223
Orientation angle impact aneasured resSigt@e..............coevveevevvvvieemeeeneene. 224
Orientation angle impact aneasured effective mobility.............cccccccen.. 224
Channel length impacthomeasured threshold voltage.............cccccooeeeeeee. 225
Channel length impacin measured resistance data................cccevvveeeennn. 226
Channel length impact oneasiredresistance box chart.............cccccceennn.. 227
Magnitude of channel lengtimpact on measured resistance.................... 227
Channel length impact aneasured effective mobility...............cooevvvvnneee. 228
Channel length impact on measured effective nitghil...................ooeeeee. 229



Figure 523
Figure 524
Figure 525
Figure 526
Figure 527

Figure 528

Figure 529
Figure 61

Figure 62

Figure 63
Figure 64
Figure 65

Figure 66

Figure 67

Figure 68

Figure 69

Figure A.1

Figure A.2

Figure A.3

XViii
Planar MOSFET threshold voltage measuréth wariation in temperature.230
Analytical 4HSiC threshold voltag variation with temperature................ 231
PlanargateMOSFET measured resistaneariation with temperature........ 232
Plarar MOSFET measured effective mobylivariation with temperature....233
Analytical 4HSiC intrinsic carrier cocentration with temperature............. 235

Process Split #2 N+ source/drain contacts demonstrate excellent ohmic

BENAVION ... 237
Process Spilt #2 TLM results for N+ cawt resistance determimat ........... 238
TrenchgateMOSFET and electric éild profile in blocking mode................ 244
Simul ated schematic and specifications
iN @a4H-SICtrench MOSFET.........cuiiiiii e 245
P+ barrer depth simulation reSultS............ccccoeeeiiiiiieeeii e 246
P+ trench bottonshielding simulation results..............ccccovvvviieeee e, 246

Simulated schematic and specifications for eaibn of highk dielectrics...248

Simulated electric fields at breakdown in trench MOSFET when limited

by the avalache condipn in the 4HSIC ..., 248
Simulated electric fields at breakdown in a trench MOSFET when limited
by the electric field in thdielectric reaching 3 MVfn .................ccooevvinnnee 249
Simulated schematic for the MOS structure at the bottom of the trench

in atrenchgate MOSFET StrUCTUIE........ccoviiiiiiiiiiii i 252
Simulated electric field profile for an Al203 gate dielectric with a 1.5 nm
SiO2 interfacial layer (insert incled drit region).............ccoovvviiiiiiiine, 252
E-beam gun housing assemiblglectrical connections andgein

MOUNEING DO e 257
E-beam gun bolt identification (for filament replacements)..................... 258
Test for potential short on reassembly of rebailieam gun......................... 258



CHAPTER 1

Background & Motivations

1.1 Introduction
Converting electricity foefficient transport and consumptibas been an egoing
engineering challenge throughout our history. In 1886, the Westinghouse Electric Company
demonstrated the advantages of power conversion by using transformersup Atewoltage
for transmission and again to step down AC voltagelfe end use in incandescent lighting.
This AC power delivery system proved to have very little transmission power losses and formed
the basis for todayés U.S. electric power tra
Converting electric power using semiconductor power @sviegan following the

invention of the transistor in 1947 by John Bardeen, Walter Brattainjdham Shockley. In

the 19506s, semiconductor thyristors began re
and the power device evolutionensuedt he 196 06s, ¢ amecontr@dledel op ment
switches suchasthegatetarrf f ( GTO) thyristor. I n the 1970

silicon metaloxide-semiconductor fielgffect transistor (MOSFET) devices became possible

with the evolution of théntegrated circuit industry, including utilization of CMOS

manufacturing expertise (e.g. doubléusion for precisely controlling channel lengths) and
established manufacturing facilities. Development costs for silicon power devices were limited
to devce design and development of specialized process needs such as electron irradiation and

fabrication of vertical structures.



1.2 Silicon Power MOSFET and the Fundamental Tradeoff

A Si power MOSFET is 1) a voltagmntrolledgateddevicewith high inpu impedance
enabing simple gate drive circuitry, 2) a unipolar or majority carrier device enabling very fast
switching void of adverse reverse recovery issues found with bipolar designs, and 3) capable of
bidirectional current flowby eitherusing gatedychronous rectification or through the internal
body diode which includes a ~0.7 V tuon voltage drop.

A schematic of a vertical power MOSFET in blocking mode with the electric field profile
(assuming constant doping concentration) is shown in FiglireThe blocking voltage potential
(BV) is equal to the integral of the electric field over thalhift region (neglecting the small
blocking potential supported inside P base region). BV is dependent on the magnitude of the
critical e(tlextdactfield at ondetiokthe @valanche breakdown phenomenon) and the

depletion width, Winto the N drift region.

SOURCE (0V) GATE (0V)

P+ N+ SOURCE | cHANNEL

¢ N o P BASE REGION

2BV < N- DRIFT REGION

a= E¢ N+ SUBSTRATE

7777777777777 7777777 7
DRAIN (V>0)

Figurel.l: Vertical power MOSFET schematic in blockimgpde with electric field profile.

By integrating Poissonbés equation (Equatio
maximum magnitude of the electric field is equal to the critical electric field for avalanche

breakdown and assuming complete ionization of dopants inside the depégfion, the
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relationship between the driand rtehge odnroisf td orpe gni

width can be determined (Equation 1.2).

—n & 0 0 Equ. 1.1

0w — Equ. 1.2

Combining Equation 1.&ith the geometry in Figure 1.1, the relationship between the

bl ocking potential and the drift regionds dop

0w

Equ. 1.3

These relationships show that a designer can reduce the dopoentration of the N
drift region for a proportional increase blocking voltage potential at the cost of proportionally
increasingtheNd r i ft regionés | ayer thickness (to acc
depletion width). It needs to be notedttthe critical electric field is also dependent on doping
concentration. However, this relationship is very weak as the critical electric field increases by

about a factor of two for a three order of magnitude reduction in doping concentration.

J

Y & Equ. 1.4

The minimum or ideaspecific onresistance, Bnjgeal( i AcMAfor apower MOSFET is
assumed to be equal to tHaft regiond specificresistance, Rdeaj Which is determined by the
depletion width over the conductivity for the-Mrift region (Equation 1.4).The combined
effects from a reductioninthed r i ft r egi onds doping concentrat
increase in Bhjdea; thus, &larger blocking voltages,Riseaquickly becomes prohibitively large
for MOSFET devicesThis relationship between estate resistance and blocking voltage

potential defines a fundamental tradeoff limitation for power devices which restricts practical Si



power MOSFET devices fow voltage(< ~130V) applicationgFigure 1.2). With lgh-

frequencyswitching capability, SI MOSFETSs are well suited $aritchmode power supplies

Material Fundamental Tradeoff
Curve for Power Devices

—~ 2
8k
& Q15
Q E
3 =
€
o
_(C_i ? Si
= Los
g8
2% o
3 c 0 25 50 75 100 125 150

S Breakdown Voltage (V)

Figure 1. 2: Siliconés fundamental tradeoff ¢

The insulated gate bipolar transistor (IGBT) wasmmercially introduced in the early
19806s and created new mar ket opportunities f
applications. In the IGBT structure, carrier injection provides conductivity modulation to the
drift region decoupling the operanal drift region resistance from its doping concentration.

This design freedom enables | owing the drift
blocking potentials without severely compromisingresistance. However, conductivity

modulation comg with the price of a slower switching speed capability and markedly increased
reverse recovery energy losses during the switching off transient.

The supefunction (SJ) MOSFET entered the semiconductor power device market in the
ear |l y 20 0-6oGged poweevice dpsgns, which include theVBISFET,
circumvent the fundament al tradeoff | imitatio
concentration from deviceds blocking capabili

increasethe driit e gi on & s d o p i -stgte résstance. Gombiming the high n



frequency switching capability of unipolar devices with extremely lowesstances,
superjunction power MOSFETSs offer sufficient benefits for market penetration into medium
voltage, igh-frequency applications. However, widpread adoption of the $0SFETs have

been hindered by the radically increased manufacturing complexity for this unique design.

1.3 Wide Band Gap Materials for Power Devices

By solving Equation 1.3 for Nandsubstituting into Equation 1.4 produces Equation 1.5,
an alternative form for & ideal The denominator of Equation 1.
properties and is defined as Baligaés figure
(BFOM)[1]. Thus the physics governing the tradeoff between blocking potential capability and

onstate specific resistance in MOSFETs are con

Y & Equ. 1.5

J

According to the BFOM, wide bandg materials such as silicon carbide (SiC) or
gallium nitride (GaN) enable superior power devices compared to silicon materials, by
drastically shifting the fundameaittradeoff curve (see Figure3). Thisperformance
improvement is obtained viathewideand gap material 6s ability to
electric fields that enables much higher blocking voltages for a given design. Therefore, a device
can be designed to achieve a desired blocking potential with a higher drift region doping and
thus,a lower specific ofresistance. For example as shown in Table 1.1S#Hsupports a 10x
higher critical electric field than in Si material which results in a 1000x lower specific on

resistance in a 1200V device. Exploiting-8H C6 s mat e r liowslfabrigationpfar t i es a



1200V 4HSIC MOSFET device with an operational Ron equivalent tbitha 100V Si
MOSFET (Figure R).

Table 1.1: Comparison of BFOM of Si
and 4HSIC for 1200V Device.

Material Fundamental Tradeoff Example: 1200V Device
Curve for Power Devices [ o T Tsrou Ltoniden
100000

& 1 cm?/Vs MV cm?s/FV?)  (mQcm?
4 E 10000 // . (em?/Vs) (MV)  (em?s/FV?) ( )
S & 1000 — Si 11.7 1360 0.2 1.2E47 960
2E 10 ~ 4HSiC 97 990 2.5 13E+10 092
3 10 <~
Y e 1000x Improvement
o2 1 B —s;
£ 01 _ -~ '
o ® SiC
23 o001 > i !
L% 0001
é a 10 100 1000 10000
- é‘_‘é_ Breakdown Voltage (V)

Figure 1.3: Fundamental tradeoff curve for
power devices.

The first demonstration of power devices in silicon carbide material were Schottky
barrier rectifiers in 19922]. Commercially produced SiC power MOSFET devices were
introduced into the market in 2013]. GaN substrate material does not yet meet the quality
necessary for producing cestmpetitive, vertical power devices such as MOSFETS, thus power
devices fabricated in GaN materials are currently limited to planar HEMT devices taking
advantage of thievo-dimensional electron gas formed by spontaneous polarization. Today,
there are several manufacturers around the world producing SiC power devices, two of which are
located in the U.S. One U.S. manufacturer is Wolfspeed/CREE, a fully integratedlvertic
company where control of production, quality and costs from the growth of substrate wafers to
finished modules is unified under one management team. The second U.S. manufacturer is X

Fab, a silicon foundry where overhead costs are shared with siketregroduction lines and



new tooling is reduced to only the advanced processes necessary for silicon carbide
manufacturing (e.g. heated ion implantation and-éghperature activation annealing).

Analytical physical modeling of the specific resistanioes 4HSiC vertical planagate
power MOSFET device was performed using Equations 1.6 through 1.19 developed following
references [1] & [4] The planagate structure is shown in Figure 1.4 noting that no P+ contacts
are shown as these are contactedghoVias orthogonal to this cross section. The analysis
shows that resistance of the short, 0.6 um channel dominates all other resistances accounting for
43% of the total specific oresistance (Tabl&.2). The second largest contributor, accounting
for 35% of the total specific resistance, is the drift region which is set by the desired blocking
voltage potential, as previously stated. The substrate, which is assumed to be thinned to down to
200 um for minimizing this unavoidable contributor in all V&t SiC devices, is the third
largest contributor accounting for 15% of the total.

Y ; Yo Yi Y s Y 5 Y ; Equ. 1.6

Yoy — Equ. 1.7

Y i Yrn Yon Equ. 1.9

Yoh T RaEe—— Equ. 1.10

Yy 7 0 N 0O W O Oa;f Equ. 1.11

L Equ. 1.12

w  — Equ. 1.13

W —a&— Equ. 1.14



Y 5 0 - VIR 1) Equ. 1.15
0 W Wy Equ. 1.16
Y oj — Equ. 1.17
i EE— Equ.1.18
h h
Y 5 "0 Equ. 1.19

Table 1.2: Specific onesistance of 4¥5iC vertical
1200V planarchannel power MOSFET

« >

o oW 4H-SiC Vertical 1200V Specific Resistance —
Planar-Gate MOSFET Relative Contributions
SOURCE CATE o
Res R v p (pm) 3.0 gate threshold
%t N+ SOURCE R R ft L ch (pm) 0.6 bias voltage
J :‘ W | R p_inv (cm2/Vs) 15 (V) (V)
. |PBASEREGION | e p_acc (em2/Vs) 100 5
TR Wj (nm) 0.9
Woo td (um) 10.8 Rch,sp  (mQ-cm2) 1.17 43%
Rt spreacing to Nd (/em3) BE+1S Rd,sp  (mQ-cm2) 0.97 35%
N_IFET  (/em3) 3E+16 Rasp  (mQ-cm3) 0.10 4%
tox (nm) 0 RIFET,sp (mQ-cm2) 0.10 4%
Rs Rsub,sp  (mQ-cm2) 0.40 15%
N- DRIFT REGION ! Ron,sp  (mQ-cm2)
N+ SUBSTRATE R (Res,sp ; Rs,sp ; Red,sp are neglected)
- *t_sub =200 um thickness
7777777777777
DRAIN Reo

Figure 1.4 4H-SiC vertical power
MOSFET with current path highlighted.

1.4 4HSIC Trench-Gate Power MOSFET

As an alternative to the planariented channel power MOSFET design currently in
production, the trencgate power MOSFET design has a vertical channel orientation and a
reduced cell pitch yielding a higher channel density conaptaréhe benchmark planahannel

MOSFET design (Figure 1.5). This increase in channel density inherently reduces-the area
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based, specific oresistance. Additionally, the trengate MOSFET design eliminates the JFET

region.
3.0 um 2.0um
SOURCE GATE SOURCE
N+ SOURCE )"— N+ SOURCE
lew |
P BASE REGION P BASE REGION cH
Planar-Channel
MOSFET Trench MOSFET
N- DRIFT REGION N- DRIFT REGION
N+ SUBSTRATE N+ SUBSTRATE
DRAIN DRAIN

* Increased channel density
* Channel on alternative crystal face.

Figure 1.5: Motivation$or the trenchgate power MOSFET

Analytical mathematical modeling of resistances in thesd€l trenchgate power
MOSFET design shown in Figure 1.6 was performed using Equations 1.20 through 1.23
following references [1] & [4] with Equations 1.7, 1.89,11.12, 1.15, and 1.19. In Tables 1.3
and 1.4, this analysis shows that with the increased channel density and elimination of JFET
region, the 1200V 4BiC trenchgate power MOSFET desidras a2.08m g-cn¥ total specific
onresistance, which 84% smaller than th&.75m g-cn? specific onresistance for the planar
channel MOSFET desig

Y ; Yv Ys Y 5 Y g Equ. 1.20

Yon T Rae Equ. 1.21

Y g 0O n — o Equ. 1.2



W,/2
SOURCE  Res
= R,  GATE
Fqely —
Lew
P_BASE REGION
Tl ko
to
RdLsurPadmg
Ra
N- DRIFT REGION
N+ SUBSTRATE Reup
Wz
DRAIN Reo

Figure 1.6: 4HSIC \ertical

power trenckgate MOSFET
with current path highlighted.

10
Equ. 1.23

Table 1.3: Specific omesistance of 4¥5iC vertical
1200V trenchgate power MOSFET.

4H-SiC Vertical 1200V

Trench-Gate MOSFET

P (um)
L_ch (pm) 0.6
W_inv (cm2/Vs) 15
W_acc (cm2/Vs) 100
W_trench (um) 0.5
td (um) 10.8
Nd (/ecm3) 8.E+15
tox (nm) 50

Specific Resistance -
Relative Contributions

gate threshold

bias voltage

(V) (V)
Rch,sp  (mQ-cm2) 0.78
Rd,sp (mQ-cm2) 0.86
Ra,sp {mQ-cm2) 0.04
RIFET,sp (mQ-cm2) 0.00
Rsub,sp (mQ-cm2) 0.40

Ron,sp

{mQ-cm2)

(Rcs,sp ; Rs,sp ; Red,sp are neglected)

*t_sub =200 um thickness

38%
41%
2%
0%
19%

Table 1.4: Motivation fodH-SiC trenchgate MOSFET Reduced specific eresistance.

1200V Planar 1200V Trench  Improvements
rgacc ::{:ﬂ?f ve) 1202 MOSFET MOSFET Abs. _ Rel.
: p (um) 3.0 2.0
::i ::1 °mm)3' SE";E) Leh  (um) 0.6 0.6
W inv (cm2/Vs) 15 15
N_IFET _ (/em3) 38416 phsp  (mO-m2) | 117 43%| 078 38%
W (um) 99 Rdsp  (m-em2) | 097 3% 086 41%
gate threshold Ra,sp (mQ-cm2) 0.10 4% 0.04 2%
bias voltage RIFET,sp (mQ-cm2) 010 4% 0
vV G V_TH Rsub,sp  (mQ-cm2) 0.40 15% 0.40 19%
v) (v) Ronsp  (mQ-cm2) 2.75| 2.08| (0.67 ) 2a%
(Res,sp ; Rs,sp ; Red,sp are neglected) ~—
| n t od aoftibesart 445i@ power MOSFETS, the channel current flows in the

planar orientation along the (0001) crystal plane in which demonstrated electron-shdacs

mobility is well below bulk mobility values. Through process improvement effortsSidH

planarc hann el

MOSFETO®s

surface

c h a n n&4,

mo b i

ty
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sufficiently high for enabling market acceptance. However, there is stillgvesitial for
improvement towards the bulk electron mobility of ~70G/&fs (at 1E17/cridoping).

Improving the 4HSIC MOSFET surface channel mobility is angwing effort [5].

1.5 Crystal Orientation Impact on Mobility

4H-SiC Bulk Anisotropic Mobility.

The SiC hexagonal crystalline structure has been shown to demonstrate anisotropic bulk
carrier mobilities. In traditional practical 46iC MOSFET structures, the channel runs along
t he waferodés surface or t he nfofstraiet that dnaatmeei
face or (0001) plane, bulk carrier mobilities were isotropicfBithogonal to the (0001) plane,
mobilitiesalong the aface and rface planesire 20% higher compared to along the (0001)

plane and this ratio is temperatureependent.

C4Q
ol|lE
w |8
=la
=
=1
™| @
%
| @

[-1100] is on
“a-face” plane
Secondary Flat

Primary Flat [11-20] is on
[11-20]ison m-face” plane
“m-face” plane 90°

a) b)

Figure 1.7: a) 4K5iC (0001) wafer crystal aientation
b) Crosssectional view of basal (0001)gmein hexagonal crystalsicture
Named planes are orientated parallel to the noted direction and ordhogtime basal plane
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4H-SiC Crystdine Structure

For this research study, a (0001) orientationSi8 wafer, cut offaxis 4° towards
<1120> was used. Orientationof#84 C6s hexagonal <crystalline
is shown in Figure 1.7. In this research study, crystal planes are dersitieddrackets with
BravaisMiller i ndiceshaving the form of hkil ) where i =h-k, and | =the c-plane, normal to
plane of page Crystal directions are normal to planes and denoted with shjterkets withthe

equivalentamily of crystal directionglenoted inside angled brackets (i.e. < >).

Published Anisotropic SiC Channel Mobility Research

A study of 4HSIC inversioamode surfacehannel mobilities comparing the-faice
(0001) and dace (1120) planes demonstrated a positive temperature depgnfiemeak
mobility on the Siface and a negatitemperature dependency for peak mobility on tiieca
indicating different scattering mechanisms were dominant[7]. Noteworthy is that the inversion
mode, surfacehannel mobility on the-tace peaked at0Bcnt/Vs, substantially greater than the
33 cnt/Vs peak mobility for Sface 4HSIC. However, practical devices are typically operated
at gate biases ~120 V for ensuring stable device operation which is an order of magnitude
greater than the 1 to 2 \atg bias where these peadobility values occurred. Additionally,
practical power MOSFETS typically have P Base doping concentrations in the uppemi®
10'/cm? range, which is about two orders of magnitude greater than the doping used for this
study. Given the devices in this study were placizannel MOSFETSs fabricated on wafers
which were cut ohedifferentcrystalorientationsthe practical impacts from the etched

channel surfaces in fabricating trengaite MOSFETS is not captured in thessults.

st
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Ariyoshi et al. completed a study measuring suratannel mobility in two directions
on each of the three crystal planes relevant to the hexagonal crystal structure in order to evaluate
the mobility anisotropy on each plane. This study inclust accumulatiommode and
inversionmode channel designs over a range of gate biases[8]. Along {8eCA¢@001) crystal
surface, mobility was found to be isotropic. The (0001) inversiode fieldeffect mobility
was ~25 crfiVs at gate bias of 20V, tgpical operational gate voltage on practical devices. At a
20V gate bias, the inversianode surfacehannel mobility, orthogonal to the (0001) plane, was
~75 cnt/Vs for both the dace and nface planes, which is triple the mobility value on the
(0001)plane. Slight inversiomode surfacehannel mobility anisotropy on theface and m
face planes was present, exhibiting ~5/fa difference with the [1-R0] direction being greater
than the [0001] direction on both crystal planes.

Comparing the accumation-mode and inversiemode designs, it is noteworthy to state
that for a wide range of biases surrounding the typical practical gate bias of 20V, the surface
channel mobility is identical in both operational modes; this aspect is consistent with ¢ra&ing
mobility degradation mechanism being commonly dominant and independent of the channel
operational mode. However, the profile of mobility versus gate bias is starkly different between
accumulatioamode and inversiemode at low gates biases which kely attributed different
physics governing development of the MOS channel carrier density with gate bias. Typical of
Anor manlol t ransi st or behavi emodedevicas htigdteecbmses or t he
close to zero show a narrow and relativelge peak in mobility reaching ~270 @N's in this
study for both directions on the (0001) plane, and in the [0001] direction on the other two planes.
On the aface and riface planes in the [120] and [2100] directions, orthogonal to [0001], the

accumuhtion-mode peak mobility was ~225 éMs. Unfortunately, the very narrow profile of
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the accumulatioomode peakmobility likely forbids exploiting its advantages in practical
applications.

The inversiormo d e MO S #&sd doging Rvel in this study was order of
magnitude lower than in practical devices. Like the previous reference, devices in this study
were planaichannel MOSFETS fabricated on wafers cutidferentcrystalorientations so
practical impacts from etching during fabrication of tlegate MOSFETS were not captured in
the results. It is noteworthy to include that the gatiele for this study was @epositechigh-
temperature oxide (HTO) follosd by NO posbxidation anneal. A set of additional samples
were studied where the gat&ide was thermally growwith pyrogenicsteamfollowed byanH:
postoxidation anneal and the relative anisotropic behavior was identical (although absolute

values differed).

Impact of Interface Trapped Charge Density on Channel Mobility

One primaryarea of focus for practical SIC MOSFETSs surrounds correlating mobility
degradation with the interface trapped charge densityn(Q/cn?, Dy in #/cn/eV, or Nt in
#/c?) which in SiC is well known to be at least an order of magnitude greater tham that
comparable silicon MOSFETs. Nakazawa et al. developed an improved method for
characterizing Nduring research evaluating the impact of interface trapped charge density on
surfacechannel mobility degradation. They showed that effective mobilityetaied well with
interface trapped chdirogeaened drtoar, midreensb nwit-Ir la t ti meayi
In their findings, the (0001) crystal plane has markedly higheraNies and simultaneously
much lower surfacehannel effective mobilitiesln this work, field effect mobility values are

shown to be 4.5 and 5 times greater féa@ and nface, respectively, than the (0001)f&e
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plane. An interesting discovery is that withth€éiC met hod, f ast states are
enabling mesurement of the nitrided interface trapped charge denSiftf.h e hi gh channel
mobilities for (11 20) and (1 100) MOSFETSs can be correlated with the lower density of fast
interfacestates generated by nitridat@®]. Devices in this study weldsoplanarchannel

MOSFETSs fabricated on wafers cut afferent crystal orientations; thysactical impacts from
trenchetchingwere not captured in the resultsSamples were prepared via-dmidation

followed by NO posbxidation anneal

Published Kperimentswith Practical Etching

Ariyoshi et al. measured the mobility anisotropy between #tae@ and nface planes on
sidewalls of trenches etched into a (0001}3ig wafer with trenches orientated every 15° of
rotation[10]. For the 4F8iC hexagonal strugate, the crystal becomes crystallographically
identical every 60° of rotation; thus one would expect mobility data values to repeat at that
interval. Samples were prepared with a depositedteigiperature gatexide followed by one
of three posbxidation anneal (POA) process variations. It was found that for samples with a
wet-oxidation and HPOA, data trended cyclically lower with rotation from 0° to 180° with
local maximums corresponding teface planes and local minimums corresponding witaoe
planes; aface data trended from 40 éivis to 26 cri/Vs. For samples prepared using an
ammonia and pD POA, data trended lower linearly (no local maximums or minimums) from 28
to 20 cn?/Vs. For the NO POA, data likewise linearly trended lower from 13.6ocnt/Vs. It
appears the POA processes that include nitridation reducefdbe andf ace pl aned s
differences in mobility values. From the data presented, it is obvious that the POA processing

has a very strong influence on the surfabannel mobility.
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PracticalAngles from Offcut WafersandEtching

Work by Yano et al. found that the 8° @fkis cut wafer and a practical 5° slant from
etching produced one sidewall with an estimated 3plafiie in the [0001] direction with the
opposite sidewall being3° off-plane[11]. To confirm this aspect, a portion of this study was
reproduced using an eaxis (zero offcut angle) wafer and an etching process more capable of
producing vertical sidewalls; thus, the practical sidewalls were expected to be exgdtnp®im
the [0001] direction[12]. Mobility improved to 71 and 66%¥s from 43 and 21 cAVs for
(11-20) and {1-120) planes, respectiveljNote that these mobility values on practically etched
wafers arevery close to the mobility values produced lboyhers using wafers cut on alternative
crystal axes. Thushesurfacechannel mobilityin practicaltrenchgate MOSFE$ may be
substantially higher thain planargate structures.

In conclusion, crystal orientation has been shown te laastrong influece on surface
channel mobility where the 48iC aface and riface crystal planes hademonstrateduperior
mobilitiesvaluescompared to the (0001) surface channel plane in tradition&i@HVIOSFETSs.
Combining the offcutting of wafers which is necesgdor epitaxial growth, and the nen
perfectly vertical sidewalls from practical trench etching, obtaining perfect crystal orientation of
surface channels will likely be very difficult to consistently accomplish in practice$idH
trenchgate MOSFETs. Fdhe mobility study, planagate and trenclyjate MOSFET samples
were orientated at 15° orientations from 0° to 90° fromthes4dHC waf er 6 s f |l at edg
capture orientation impacts.

On a final note, knowing that the specific oxidation and POA e crystal direction,
and degree to which the channel isjpitine have all been shown to have a strong influence on

MOSFET channel mobility, further studies are needed to fully understand the individual and
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interdependent impacts from the practicahtite etching processes; it is reasonable to assume
that practical trench etching woutdve someaegative inpacts on surface channel mobility.
Assuming a practical the realization of 50%s for the surface channel mobility in a
trenchgate MOSFET equatés a 70% reduction in the channele gi o n 6 s -resigtamaei f i ¢ o0
(Table 1.5). Combining the benefits of the tregette design with an increased mobility equates
to a 44% reduction in specific eatate resistance compared to the benchyvarkical plamar-

channel MOSFET design (Table 1.6).

Table 1.5: Advantages of high channel Table 1.6: Owresistance of 4k6iC 1200V
mobility in 4H-SiC 1200V trenclgate trenchgate MOSFET with higher channel
MOSFET. mobility vs a planagatedesign.
1200V Trench 1200V Trench  Improvements 1200V Planar 1200V Trench  Improvements
MOSFET MOSFET Abs. Rel. MOSFET MOSFET Abs. Rel.
p (um) 2.0 2.0 p (um) 3.0 2.0 1.0
L_ch (um) 0.6 0.6 L ch (1m) 0.6 0.6
w_inv (em2/Vs) 15 50 winv (em2/Vs) 15 50
Rch,sp  (mQ-cm2) 0.78 38% 0.23 15% 0.55 70% Rch,sp  (mQ-cm2) 117  43% 0.23 15% 0.94 80%
Rd,sp  (mQ-cm2) 0.86 41%| 0.8 56% Rdsp  (mQ-cm2) 0.97 35%| 0.86 56%| 0.11 12%
Ra,sp (mQ-cm2) 0.04 2% 0.04 3% Ra,sp (mQ-cm2) 0.10 4% 0.04 3% 0.06 61%
RIFET,sp (mQ-cm2) 0 0 RIFET,sp (mQ-cm2) 0.10 4% 0 0.10 100%
Rsub,sp (mQ-cm2) 0.40 1% 0.40 26% Rsub,sp (mQ-em2) 0.40 15% 0.40  26%
Ron,sp  (mQ-cm2) 2.08 1.54 0.55 26% Ron,sp  (mQ-cm2) 2.75| 1.54] 1.21] 4%
(Res,sp ; Rs,sp ; Red,sp are neglected) (Res,sp ; Rs,sp ; Red,sp are neglected)
*t_sub =200 um thickness *t_sub =200 um thickness

This research effort is to experiementally evaluate channel mobility on the vertical
channels of 4k5iC trenchgate MOSFET structures with comparison tefaloricated 4HSiC

planargate MOSFET designs.

1.6 4HSIC Trench-Gate MOSFET Specific OnResistance & Highk Gate Dielectrics
In Figure 1.8and Table 1.7a schematic with the specific-oesistance values for a

typical 1200V 4HSIC trenchgateMOSFET with an Si@gateoxide is displayed (note, the
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inversion channel mobility iassumed equal to that of statiethe-art planargateMOSFET

devices without consideration of the potential mobility advantages on the alternative crystal faces

of the trenchgpateMOSFET structure) . The-cndceountséot r esi st
38% d the total device specificen e s i st a n ¢ €nr.oThe ofher w8 majog contributing
resistances, the drift region and substrate, are essentially fixed and cannot easily be improved;

thus, the channel region is the prime opportunity for improviedl200V trenctgate

MOSFETOsSs sresistancel i ¢ on

Table 1.7 Specificon-resistance of 4+5iC vertical
1200V trenchgatepower MOSFET.

LW 4H-SiC Vertical 1200V Specific Resistance -
Trench MOSFET Relative Contributions
SOURCE R
gate threshold
p (um) 2.50 bias voltage
%ip Lch  (um) 0.5 (v) (v)
P_BASE REGION winv  (cm2/vs) 15
W_acc (cm2/Vs) 100
wj (um) 0.0 Rch,sp (MmQ-cm?2) 0.81 38%
t td (um) 10 Rd,sp (MmQ-cm2) 0.84 39%
Nd (/em3) 8.E+15 Ra,sp (MmQ-cm2) 0.07 3%
Rdl,sprﬁading tox (nm) 50 RIFET,sp (mQ-cm2) 0.00 0%
Rsub,sp (mQ-cm2) 0.40 19%
Ron,sp  (MmQ-cm2)
Ry (Res,sp ; Rs,sp ; Red,sp are neglected)
*t_sub =200 pm thickness
N- DRIFT REGION
N+ SUBSTRATE Reup
V7727777227777
DRAIN Reo

Figure 1.8:4H-SiC vertical power treneh
gateMOSFETwith current path highlighted.

In review of Equation1.24 opti ons for reducing- the chani
resistance include: 1) reducing the channel length, 2) reducing the pitch, 3) increasing the
channel mobility, 4) increasing the oxide capacitance, and 5) reducing the thredtegd, and

6) increasing the gatdas. According to Equation 1.2the gate oxide capacitance can be
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increased by increasing the permittivity and/or by reducing the thickness. Therefore, replacing

the silicon dioxide gatexide material with an equaent thickness of dielectric material having

a higher relative permittivity wil/| directly
onresistance. The higkallows the gate dielectric to contribute a higher capacitance for a given
thicknesst hus, the channel s carrier density (shee
bias. Assuming no impacts on the mobility, a higher relative permittivity gate dielectric results

in a lower channel resistance by increasing the free electron dentfigy¢channel at a given gate

bias.
Yoh Equ. 1.24
6  — Equ. 1.25
An analytical analysis of alternatikwe mat e

materials) for the trenebateM O S F E T 6-exidgveas performed. Shown in Figure 1.9, using

the higher relative permittivity AD3 gateoxide material in place of the Si@aterial would

reduce the trenecgateMOSFET channel specific rcardd084 ance b

m g-cm? and using LaO0s, reduces the channel specificore si st ance byn85% t o C
Using the higkk gate dielectrics reduces the total tregeteMOS FET devi ceds S|

onr esi stance by 22%-caftdo 313 9yba fmbo h .-cAFdr BLeOn q

and LaOs, respectively (Table 1.8). Assuming a realization of the 5\usrchannel mobility

on the alternative crystalline face in trergdteMOSFSET, results in additional reductions in

the total specific omesistance (Table 1.9). Itisnotewyrth t o hi ghl i ght t hat ch

proportional contribution to the total specific-tesistance becomes only 7% and 3% for the

high mobility Al,Os and LaOs cases, respectively; thus, potential returns for any other efforts to



reduce channel resistanoecome comparatively quite small for the 1200V tregate

MOSFET design.

Gate-Oxide Permittivity Impact on Specific Channel Resistance

in Trench MOSFET
0.70
Si0,, €,=3.85
0.65 mQ-cm?
— 0.60
5
o}
Eos0
g
% 0.40
3
< Al,0;,€,=9.1
© 030 3.28 mQ-cm?
j‘% €ox
Z 020 Cox = .
= ox
g 0.10 R, = Leup
: CHsp =
P Un,invCox (Vg — Vry)
0.00
0 5 10 15

p (um) 2.0
L_ch (um) 0.5
p_inv (em2/Vs) 15
u_acc (cm2/Vs) 100
td (um) 10.7
Nd (/cm3) 8.E+15
tox (nm) 50

gate threshold

bias voltage

v) v)

20

wn

La,0;, €, =27.0
0.09 mQ-cm?
@

25 30

Gate Oxide Permittivity,er

35

20

Figurel.9 Gateoxiderelativepermittivity impact on specific channel resistance on tregatie
MOSFET

Table 1.8 Impact of highk dielectric on trenclyateMOSFET specific ofresistance

channel
inversion
mobility
M_inv
(cm2/Vs)

15

NJ
P (bm)
Rch,sp (mKm O
Rasp (mKmO
RJFET,spmK 1t O
Rd,sp (mKmO
Rsub (mKmO

Ron,sp (mKm O

(Rcs,sp ; Rs,sp ; Red,sp are neglected)

1200V Trench
MOSFET
3.85 SiO2
2.50
0.81 38%
0.07 3%
0.00 0%
0.84 39%
0.40 19%
2.13

1200V Trench
MOSFET
9.1 AI203
2.50
0.34 21%
0.07 49
0.00 0%
0.84 519%
0.40 24%
1.6a

*tsub =200 pm thickness

1200V Trench
MOSFET
27 La203
2.50
0.12 8%
0.07 5%
0.00 0%
0.84 599
0.40 28%
1. 43
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Table 1.9 Impacts of high mobility & higtk dielectric on trenclyateMOSFET specific on
resistance

1200V Trench 1200V Trench 1200V Trench
MOSFET MOSFET MOSFET
NJ 3.85 SiO2 9.1 AI203 27 La203
p (um) 2.50 2.50 2.50
channel |Rch,sp (MKt O 0.24 16% 0.10 7% 0.03 3%
inversionNRa,sp (MK O 0.07 5% 0.07 5% 0.07 5%
mobility [RIFET,sp(mK 1t O 0.00 0% 0.00 0% 0.00 0%
p_inv Rdsp (mKmO 0.84 54% 0.84 59% 0.84 629
(cm2/Vs)|Rsub (mKm O 0.40 26% 0.40 28% 0.40 30%
Ron,sp (mKm O 1.56 1.43 1.39
(Res,sp ; Rs,sp ; Red,sp are neglected)
*tsub =200 pm thickness
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CHAPTER 2

Physical Models for Mobility

2.1 Introduction

In thischaptey a review of the physics and th@thematical modelderivedfor
describing surface chanrgkctronmobility behaviorsn 4H-SiC MOSFETS is performedrhe
scope of this review is for practical 45/C MOSFET devices with-type inversion channels
along the (0001) crystal plane where electron mobility dominates conduction; thus, only electron
mobilities are considered.

Bulk electron mobilities for 4F8iC are near 700 cfiVs at room temperature for 46iC
with 1E17/cnidopingwhi | e publ i shed surface cHSGnel mo b i
MOSFET devices are typically arouttl cnt/V. Given the practical surfagghannel mobility is
roughly ~26 of bulkmobility, determination of the dominant scattering mechanisms responsible
for mobility degradatin of the MOSFET surface channel is a primary focus of study for
practical SiC MOSFETSs. It is noteworthy that prior to discovery of the nitridation process,
sufacechannel mobilities were typically limited to single digit val{i&s

In Chapter 2the physicgoverning surface channel mobility in 45C, nchannel,
inversionmode MOSFETsarereviewed In Section 2.2, thiundamental physics of MOS
capacitor guctures includingracticalfactors affecting the threshold kage and MOS
capacitancare reevaluatednd in Section 2.3, thghysics of MOSFET devicaobility
includingsurfacechannel scattering mechanisare examined Throughout this dissertatipn
special consideration has been made for inclusion of, and proper treatrerihtdrface

trappedchargaccor ding to this authorés own physical
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physical principles. Thus, the models presented here are believedditelsévely the most
accurate and practically applicable set publishedbte.

Electron mobility on the (0001) plane in 45iC, inversioamode, surface-ghannel
MOSFETSs has been consistently demonstrated as being anisotropic. Electron mobilitynn SiC o
other crystal planes has been shown to exhibit anisotropic mobility behaviors which are
attributed to SiCbdbs asymmet r i asrevidwedxn8egtmom al cr vy

1.5asthis provides motivation for the trengfateMOSFET design.

4H-SiC CrystalStructure &Bulk Electron Mobility.

Freecarrier mobility inside crystalline structures is strongly correlated with the periodic
uni formity of that crystalline structure. Cr
to couplewith the crystal and travel through it without resistance [2]. Since crystalline
properties govern transport, bulk mobility is normally anisotropic in crystals with anisotropic
structural periodicity. For general simplification of mathematical physiallyaes, the
anisotropic transport properties based on crystal orientation are collectively captured and lumped
into effective mass constants. Within higbality crystalline materials, the two predominant
scattering mechanisms that reduce the bulk mghiilow electric field conditions are: 1)
phonon scattering, resulting from thermal energy which causes vibration motions in the crystal
lattice, and 2) coulombic scattering resulting from the fixed charges attached to ionized impurity
atoms (i.e. dopasj.

The combined impacts of phonon and ionized impurity scattering on bulk SiC mobility
has been empirically determined to follow the Caughlegmas Model which was originally

developed for silicon [3], and is applicable to-&C with constants fromeference$4][5][6]
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and using total dopant concentrations. Throughout this work, the bulk mobility model chosen for
4H-SiC, along the anisotropic (0001) plane is Equatidn Baliga separately derived an

electron mobility model for 46iC which producesearly identical values (Equatior2}.7].

Figure 2.1 displays both electron mobility models as a function of doping and the hole mobility
values are shown for comparison (Equatid@)[8]. The temperature impacts on the-&C

bulk electron mobility vales are displayed in Figure 2.2 for the doping concentration of the p

type base region used in the mobility study.

AH-SiC Bulk Mobilities (300K)
1200

———

1000 ~

E Electrons [5,6,7] R
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400 » >

N
N
N
200 ™
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Figure 2.1: 4HSiC bulk electron mobilities (model details described in text)
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4H-SiC Bulk Low-Field (Fully lonized) Electron Mobility vs. Temperature

P-base region Na = 8.0E16/cm3

400

Bulk Electron Mability (cm2/Vs)
S

300 325 350 375 400 425 450 475 500 525 550 575 600 625 650 675 700
Temperature (K)

Figure 2.2: Bulk electron mobility as a function of temperature for th&lHptypebase
region of the mobility study.

2.2 Physics of the MOS Capacitor

For the mobility study, the-nhannel of the inversiemode MOSFET is formed by a
MOS capacitor structure consisting of a gate metal on top of an oxide on togyfeagoped
4H-SIiC region. As previously noted, power MOSFETSs ingiB are achannel degins because
of the much higher electron mobilities (Figure 2.1).

In a MOS capacitor, the gate metal is separated from-tiygepsemiconductor by an
electrically insulating dielectric material, creating a device that is capable of storing potential
energ in the form of an electric field. When a bias is applied to the gate metal in the MOS
stack, an equal and opposite charge is reflected across the electrical insulator in the
semiconductor material (Equation 2.4) altering the properties near the semicdand r 6 s sur f a
compared to the properties deep inside the bulk semiconductor.

0 0 Equ. 2.4
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2.2.1 MOS Biasing Modes

Case 1

Accumulation occurs when a negative bias is applied to the gate metal inducing positive
charges in the form of mobile holes, the dominant carriers in-tiegpsemiconductor, to
accumulate at the semiconductor surface adjacent to the dielectric mathaahobile hole
charged carriers collected at the surface form a highly conductive sheet of ~20 nm thickness.

This case scenario is termed accumulation (of majority carriers).

Case 2

Depletion occurs when a positive bias is applied to the MOS gzt and the majority
carrier, mobile holes are repelled away from the sumf@eealingnegatively charged, stationary,
ionized, acceptor lattice atoms. The semiconductor material near the surface is now depleted of
any mobile charges and becomes higkbistive. As a larger positive bias is applied to the gate
met al, the semiconductordéds depletion region
as far as necessary to exactly balance the positive charges applied on the metal gate. Assuming
compete ionization of dopants (futlepletion approximation), the depleted region typically
extends hundreds of nanometers intyge silicon carbide. The spatial density of the negative
charges attached to ionized lattice atoms is equal to the acceptondod s densi t y.

scenario is termed depletion (of mobile carriers).

Case 3
Inversion is achieved by further increasing the positive bias on the MOS gate metal to a

point such that, at the surface of the semiconductor, the intrinsic carrigy éexel is reduced

Th
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below the Fermi energy level (noting the Fermi energy level remains constant throughout the

entire MOS structure since no current is flowing). Mathematically, inversion occurs when the
surface spoeeual al t h arelaie mernsi potedtial vatue, wbich is

determined at a location deep inside the bulk semiconductor (where incomplete ionization must

be considered). The s e mpisdefirtdiby theoendigy differenceani e n
( q) relative to tle equilibrium intrinsic carrier energy leveliYiand is dependent on the ionized

p-type dopant concentrationaNrelative to the intrinsic carrier concentration,asshown in

Equations 2.5 & 2.6.
%o —0OE— Equ. 2.5

nn 8 @ Equ. 2.6

Atb i as e s sQvrhnegatevely charged mobile electrons become attracted to the
surface and assist the negatively charged, stationary, ionized acceptor atoms within the depletion
region in balancing the positive charges in the madath the mobile electrons present, the
surface of the ypype semiconductor material has been inverted to be characteristically similar to
an ntype material. With presence of mobile electrons at the surface, conductivity increases
markedly relative to thdepleted region just below; however just at the point of inversion, this
effect is extremely small because the density of mobile electrons is extremely smalf (~3x10
3/cm?), but increases very rapidly with increasing surface potential following an exinent
relationship on the surface potential. As noted, upon inversion there are two forms of charges
offsetting the positive MOS gate charges: 1) a sheet of mobile electrons located at the inverted
semiconductor surface and 2) the negatively charged ioazsptors spatially dispersed
throughout the depletion region of the semiconductor (Equation 2.7). This case scenario is

termed (weak) inversion.



29
0 0 0 Equ. 2.7

Case 4

Stronginversion occurs after continued increasesasifve bias on the MOS gate metal
well beyond inversion, at a point at which nearly all incremental increases in the MOS gate
potential are offset by the exponentially increasing mobile electron density. -Btuengion is
commonly defined at the poimthen the surface potentiak, is equal to twice the
semi conductor 6s r(Eduaioni2.8)e Strervension indieates the, surface

is more characteristically-type than the semiconductor material deep within the bulkype.
%0 "QEBLE (%o C—0a E— Equ. 2.8

Since any additional bias applied to the MOS gate metal is balanced by increases mobile
electrons on the surface, the total charge contributed by the depleted region becomes essentially
constant and the depilen region width reaches a maximum. In stramgersion, the high
concentration of electrons are formed into a sheet at the surface creating a highly conductive n
channel region for MOSFET operation (equation 2.9 whejg N the areal electron densibr
sheet charges with an assumed zero thickness).

0 g N0 Equ. 2.9
An example of a MOS capaci tinversiosismavidedipgy b an

Figure 2.3 showing the energy band bending at



30

4H-SiC Energy Band Diagram (8E16/cm? P-type at strong inversion)
4H-SiC |4H-SiC Depletion Region 4H-SiC Bulk
Inverted
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surface

-6 / Iqtbr
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Figure 2.3: Energy band diagram of-&{ MOS capacitor at strorigversion

2.22 The Ideal MOS Capacitor

Exact Charge Theory

An idealMOS capacitor is assumed for model development where all charges in the gate
metal are exactly balanced by the induced charges within the semiconductor material and there
are no other charges present in the system. Later, practical aspects includotg ahpanetal
semiconductor work function difference and presence of undesirable impurities / charged states
will be added to the ideal model.

The relationship between the charges present inside the semiconductor to the surface
potential at the semiconduco r sur face wil | now be derived.
2.10 (wherg is charge densityx is the permittivity of the semiconductor, and g the elemental
charge) andsubstituting expressions for free carrier densities (Equations 2.11, 22123%

Note that in using Equation 2.11 for determining the free hole concentration, p, inside the
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depletion region where fulbnization is assumed, thetype doping density, Nis substituted

for the bulk equilibrium hole concentration prhis is asumed valid given the surface potential

at stronginversion creates an electric field in the semiconductor with magnitude greater than the
ionization energy of the dopants (depletion approximation). Likewisks, $libstituted for gin

Equation 2.13.

— — —n & 0 0 Equ. 2.10
n nQ | Equ. 2.11
g &£Q Equ. 2.12
En ¢ Equ. 2.13

Applying the chain rule to Poissonbds Equat
alternative formoPoi ssondéds Equation 2.14, a derivative

the potential is determined (Equation 2.15).

In combining relationships 2.1@,. 11, 2.12, 2.13, and 2.15, a
equation is setip (Equation 2.16). Then, integrating (Equation 2.17), evaluating, and applying
Gaussb6és Law (Equation 2.18), the final rel at i

of the surface potential is produced (Equation 2.19).

J

I — Q! —Q ! 0 & Q% Equ. 2.16

J — Q — — Q! — Equ. 2.17

)] J J Equ. 2.18



32

0 g QY qQ | — p —1Q I — p Equ. 2.19

4H-SiC MOS Space Charge Density (Abs. value) as a Function of Surface Potential
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Figure 2.4: Semiconductor charges as a function of surface potential.

In Figure 2.4, the relationship between surface charges and surface p¢Eentaion
2.19) is plotted for the 44$iC MOS structure in the mobility study withtype doping of
8x10%cm?; also shown are the biasing modes with dominadependencies. Note that for
surface potentials above zero volts, all the charges are actually negative with magnitudes plotted.
One remarkable feature, seen at ~3.2V surface charge, is a very sharp transition point where total
charges start to increasearkedly for a very small increase in surface potential as a result of the
mobile electron inversion charges. Here, an additional incre&s2\6in surface potential
results in a 10x increase in total charges (fRE7C/cnt to 2.7E6C/cnt, above of tk range
displayed on the chart). Since this increase is created completely within the sheet of mobile

electrons at the inverted surface, surface conductivity increases proportionally. Also noteworthy
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is that & V, the threshold point of strorigversion mobile electrons are few in number
compared to the depletion charges which account for 98.6% of the total charges in the

semiconductor.

Ideal MOS Capacitor Threshold Voltage

Threshold voltage is defined as the amount of MOS gate bias thatsstalihie strong
inversion surface condition in the semiconductor material, and is conventionally chosen to be the
bias at which the surface potential equals twice the relative Fermi potential (Equation 2.8).
Achieving the surface potential Bf«for strang-inversion in the MOS structure requires a
potential on the MOS gate metaldfuplus additional potential to be reflected across the oxide
to induce @, the total negative charges in the semiconductor material. The capacitance of a
MOS capacitor is efined as the ratio of separated charge to the potential applied across it
(Equation 2.20), valid assuming the capacitance of the dielectric material is voltage independent.
Note that a negative sign is introduced in accordance with Equation 2.4 (nefléainegative
charges in the semiconductor across the oxide as positive charges and a positive potential on the
gate metal). The capacitance value for the dielectric insulator (oxide) can be determined from
the ratio of its permittivity and thicknessdiation 2.21). Combining the surface potential at
strong inversion and additional potential for inducing the total semiconductor charges produces

an ideal model for the MOS gate bias at the threshold voltag@aVEquation 2.22).

6 k—A @ — Equ. 2.20

6 h Equ. 2.21

(bﬁ d)ﬁ %0  C%o % W i %o ——— Equ. 2.22
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In the mobility studythe MOS capacitostructuredhavep-type doping of 8x1t/cm?

and a 500A thick Si@layer. Thus, the Fermi potentiad; is 1.53 V andhe surface charge at
inversion,«s( i n v .1, )s3.66V. 2Using equation 2.19 determined an exact value of 2.58x10
C/cn? semiconductor charges. The oxide voltagg,wasdetermined to be 3.78 andthe ideal

threshold voltageVr,dea is 6.85 V.

Ideal MOS Capacitor Threshold Voltage with Approximate Theory

As was shown itfrigure 2.4 depletion charges represent a good approximation of the
total charges in the semiconductor material for surface potentials up to the point of strong
inversion; thus, the ideal threshold voltage value may be approximated using Equation 2.23. The
depletion charges can be analytically determined at inversion using Equation 2.24 where the
depletion width is determinedasaesv@ ded, abr upt | ¢ necetqgiucan wiot 2 «a
(Equation 2.25).Note, for the 2 and Wmaxcalculations, incomplet®nizaion of acceptors is
considered outside of the depletion regions in the neutral bulk regions. Within the depletion
region, completg@onization is assumed and alh Mopants are counted. Using these

relationships, a simplified analytical model for the idbaeshold voltage is generated (Equation

2.26).
(bﬁ W %o C% € %o —m— Equ. 2.23
0 g% C%o RO @ § Equ. 2.24
O  —— c— 1 Equ. 225

wWp, ec—aég— Equ. 2.26
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Using thesimplified approximate models, potential acrossdikeleis 3.79V andideal
threshold voltage, ¥idea, iS6.85 V. These values are eqt@theexact heory values, verifying

the validity of using the approximate models at the threshold of singegsion.

Mobile Channel Electron Concentration

A model for describing the density of mobile electrons in inversion (i.e. the electron
density in thenverted nchannel MOSFET) is made by first expanding Equation 2.22 with
Equation 2.7 to produce an accurate expressiondah¥ MOS gate bias (Equation 2.27).

Then, inserting Equation 2.23 and solving farQives the sheet charge model for deterng
the inversion charge density (Equation 2.28) [9]. Finally, using Equation 2.9 produces the areal

channel sheet electron density,N(Equation 2.29).

(bﬁ %0 %0 : Equ.2.27
WF W — A 0 o 6 o wfj Equ. 2.28
0 @ 6 o OF N Equ. 2.29

2.2.3 Practical MOS Capacitor- Threshold Voltage

As stated, an ideal MOS capacitor has kessumedor development of the ideal
threshold models. Real impacts to practical MOS devices will now be considered and added to
the model including a metakemiconductor work function difference, presence of undesirable
impurities within the oxide, and interfat@pped charge (which includes both charged states &
neutral electrotrapsat the semiconductarxide interface). The inversion charges, which were

previously neglected, will now be included producing a model which is valid for determining the
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practical MOS gate potential under all bias conditions at or above the threshold voltage, which

includes biases utilized during MOSFET-state operation.

Work Function Difference

Each metal has a characteristic amount of energy needed for annelexiral to its
surface (at the metal 6s Fermi energy |l evel) t
characteristic ener gy mi sSwheetlenwodk funchiom poteotial bf f unc
the metal. When a metal is placed in contact aitbther material (as in the MOS stack),
individual Fermi levels for the materials align producing a contact potential between them. The
potential difference is calculated using Equation 2.30 whéres t he semi conductor
affinity, Ecthe condution band energy level, and t&e equilibrium intrinsic energy level. The
wor k funct i gshbetweenftife Almetal gate and $e0*%cm?® p-type 4HSIC
semiconductor in the-channel MOS of the mobility studyi2.66 V. This work function
d fference is interpreted as the semiconductor
potential of the metal, and which has the net equivalent effect of adding a 2.66 V positive gate
bias to the MOS structure which assists formation of depletiomagdsion layers in the

semiconductor upon contact.

%0 %0 %0 %0 (¢ (¢ 7!'] %0 Equ. 2.30

Mobile Charges, @.

Mobile charges (e.g. Npare assumed to be negligible and as a result of contemporary

cleanroom practices, are thust considered.
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Oxide Fixed Charge$:

Practical fabrication of oxide layers inherently creates defects (i.e. charged states) within
the oxide material, and the defect concentration is strongly dependent on the fabrication method
and processing parameters in forming the oxide layer. Regaodllessle formation method, a
finite density of physically fixed, positive, charged states exist throughout all practical oxide
layers (e.g. notterminated silicon bonds, etc.n the MOS capacitor, thmajority of theoxide
charges are not in close emgbuproximity to the semiconductorsurface tanteract with
fluctuatinggate biases (i.e. nesommunicating)and thus are static in charge state for all gate
biases Thus, it is a common practice to represent these fixed charges throughout the axide as
single, static sheet of positive charges located inside the oxide layer and near the interface
(Equation 2.31, wheredXis the areal density of the sheet of oxide fixed charges). Positive fixed
oxide charges have a net relative impact like a pogitdtential placed on the MOS gate metal
and thus, assist in forming depletion and inversion layers (Equation 2.32).

0 nNoOy Equ. 2.31

©E — Equ. 2.32

Interface Trapped Charg6.

In practical MOS devices, the surface layer of the SiC material and the transition region
between the oxide and semiconductor are both known to have defectbgeggdstatesand
trappingcenters); given the proximity with the interface, these defeetsallectively grouped
together into the term interface trapped charge[10]. Since the MOS inversion surface channel is

also located at the SiC/oxide interface, the interface trapped charge is able to directly interact



38

with the inversion channel (i.e. Gommunication), degrading channel performance and
fluctuating with changing gate biases.

As previously stated, practical fabrication of oxide layers inherengigtesiefects such
as nonrterminated Si bondsAfter thermal oxidationynsatisfied Sbonds exist in the oxide bulk
(the Qr as previously discussed), on SiC surface Si atom)s &Qd on Si atoms within the
transition layer region (alsoid)11]. UnsatisfiedSi bonds are positively charged states which
become neutral after capturing a molalectron. The density ofnonrterminated Si bonds is
strongly dependent on the oxidation process. On silicon substrates, the measured magnitudes of
Qi and Q aretypically of the same order and both are found to vary similarly with thermal
oxidation process alterations[12], supporting the concept that they are of similar in origin (i.e.
unsatisfiedSi bonds).

Consistent with that theory, it is reasonable to asghaten practical thermal oxidation
of SiIC MOS structures, unsatisfied carbon bonds would also genaraténQatisfiedoonds on
carbon atoms located in the top layer of the SiC surface and in the transition region contribute to
Qi in the same mannes &ilicon atoms. However, it needs to be noted that carbon is not a
building block in SiQ and it has been shown that carbon atoms do not exist in the bulk SiO
material away from the interface, even as interstitials[13]. Thus, the unsatisfied carden bon
contribute only to @while their contribution to Qs negligible which well explains some of the
differences between thermal oxides on Si and on SiC.

In the fall of 2010 while touring CREEG6s ne
constructio, Jeffasksi So what happens fiGobtHdegeesebsencar Ap
Agarwal answersCarbon atoms are an undesired byproduct of thermal oxidation of SiC and

most are removed from the interfaegjion after being oxidized and forming a highly wii¢a
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CO (or CQ) molecule. Early investigations indicated excess carbon atoms which were not
oxidized & volatilized, accumul ate at the 1int
Otherresearch studies indicate excess carbon atoms are cagittinednterface in a form of ,Si
Cy-O/[15]. In both cases, very high concentrasiohcarbonwere measuredt the interface
which dictates a high density of unsatisfied carbon bonds and Q

Unintentionalcarbon structuresanmarkedly disrupt the plsycal uniformity of the
interface byimpedng oxidationunderneath the area on which they resigblocking the in
diffusion of oxidation moleculeghisfurther exacerbates the interface quality by angat
disorder to the single atomic planar arrangement at the suifaeecombined impacts of the
physical and chemical neimiformities at the interface aderectly deleterioudo the periodicity
of the electrical potentiand thusgcarrier wave functionaupling andmobility. It is noteworthy
to consider that a majority of the unsatisfied bonds are likely located on the periphery of the
aggl omerates extending their influence well o

Another potential contributingource for the interface trapped charge are metal atoms.
For instance, aluminum dopant atoms are freed at the surface as the top crystal layers of the p
type SiC are consumed in forming the Si@lthough it is not clear whether the Al atoms will
ultimately behave as positively charged interface states or as neutrally charged electron traps
(similar to ptype dopants), these impurities, intrinsic to thermal oxidationtgpe SiC, will
certainly contribute to theQand Q [16][17]. Aluminum readily gidizes creating the very
stable and nowolatile Al,Os product which is captured within the growing Si@yer
[18][19][20][21]. Undesired metal impurities (e.g. Fe, Cu, etc.) are likely present in practical
devices, however as a result of effective iieg procedures, these are assumed to be a minor

contributor and negligible.
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The interface trapped chardeoth charged interfaegtates and neutral electron traps}
physically | ocated on the semicondwmté¢ or 6s sur
formation and performance (i.e. mobility) of the surface channel inversion layer. In traditional
analytical modeling of the MOS threshold voltage, it has been a common practice to lump the
interface trapped chargéth the fixed oxide charge togethato one term since both are
typically positive[22]. However, this author contends that the historic treatharierface
trapped charges faulty by physical interpretation. It is proper to physically consider the
interface trapped charge a thirsheet of a higltoncentration of acceptors and/or positive
charges as the top layer of the semiconductor, wkieltually what and where thedefect
states are

The strong electric field to create inversion draws the mobile channel electrons up agains
the oxide where wavefunctions penetrate the oxide. It is believed the mobile channel electrons
travel very close to and partially inside of the oxide layer. Therefore, the interface trapped
charge is on the same side of the mobile channel electrdins laslk SiC. This treatment
creates a scenario whose net impact on the surface channel is exactly opposite to that of fixed
oxide charges. Interface trapped charges work against the positive gate bias inhibiting depletion
and inversion charge developnmeiConceptually, adding a layer of positive charges atyph@
like dopants 1) reduces the actual surface potential for any given gate bias, 2) increases the
amount of surface potential required to form an inversion channel of mobile electrons, and 3)
substantially reduces the concentration of mobile electrons once an inversion channel is formed
(recalling the exponential dependency of mobile electron density with surface potential). Itis
believed that thenterface trapped charge wishallow energy less may be depleted

concurrently with the intentional dopant atoms that form the depletion regianever,
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interface trapped charge wildrge ionization energies are not likely ionized until high surface
potentials are reached, possibly coinciding witiation of the inversion channel, or at even

higher biases like those utilized during MOSFETFstate operation. Thus, it is unclear at this

time to speculate as to how the interface will respond with a given gate bias. What is proposed
as certain heres the typicallypositive interface states aadceptoilike electron traps

constitutingthe interface trapped charge oppose the effects of a positive MOS gate bias.

Practical Threshold Model

Mathematically, the totalesniconductor chargeww includedepletion charges,
inversion chargesnd interface trapped charge (Equa®a8d. The interface trapped charge is
considered to be a sheet of positive charges with zero thickness, having an areal degsity of N
that upon ionization, will carry a net negative charge in the system (Equation 2.34). Effective

potential impacts frorthe interface trapped charge is given by Equai@s.

~ ~ ~
g ¥ ¥

0 0 0 0 § Equ. 2.33
0 no Equ. 2.34
Wy — Equ. 2.35

Adding the potential impacts of the work function difference, the fixed oxide charges,
and thenterface trapped charge to the ideal mpedatl no longer neglecting the inversion sheet
charge dasity (Equation 2.9), produces a complete MOS gate bias model valid for all biases at
threshold voltage and above (Equations 2.36 and 2.37), assuming changes in depletion charges
(semiconductoand interface trapped charge) are g | i g is, b | 3¢ EQblations 2.88 and
2.39 are expressions for actual inversion charges in a practical MOS structure and explicitly

highlight impacts from the three aforementioned practical aspects. As an alternative form, these
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practical aspects may be combined into theghold potential (Equation 2.40) producing a

simplified inversion charge model (Equation 2.41) which is often employed in practice.

0«

W ® % C% %o %o — Equ.2-36
O % C% %  —d& E— j h i

Equ. 2.37

0 6 ® of % ~— — Equ. 2.38

6r — o O % O U Equ.2.39

0O e %  Ch —— — n Equ.2.40

0 & 6 » f Equ. 2.41
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Figure 2.5: 4HSiC inversioamode MOS threshold voltage for varying Qit
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In Figure 2.5, the threshold voltage potential and constituents (Equation 2.40) are plotted
for the mobility study MOS capacitor for varying & levels. A marker is set on the average
threshold voltage obtained in mobility study MOSFETs which prediti85E12/crfi Ns .
Given the physical interpretation thhe interface trapped chargeactuallythe surface
layer of the semiconductor,:@eels to be fully depleted before inversion takes place.
Assuming N~ 1.65E12/crfy the magnitude adepletionchargedor the interface trapped
charge Qitdepl, is 2.65E7 C/cnt, which is slightly greater thahes e mi conduct or 6 s dejy
charges. Mathematically, inclusionoténi s handl ed by adding anot he
Equation (2.10) leading to an additional set of terms in the semiconductor charges in Equation
2.19. Assuming only one inversion ciahlayer will form within the MOS structure and it will

be located ovethe interface trapped charge, 8pace charge density would develop as shown in

Figure 2.6.

4H-SiC MOS Space Charge Density as a Function of Surface Potential
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Figure 2.6: Semiconductor charges antdrface trapped charge (Rés a function o$urface
potential.
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MQOS Effective Electric Field.

The mobile channel e | -direction profile bag the physital di st r i
form of an exponential decay as transitioning from the interface (x = 0) into the semiconductor
bulk crystal. Thidistribution profile makes computationsedéctric fieldimpacts extremely
di fficult as the electric field on each el ect
location within the distribution (i.e. screening effects). It has been demexistinat the
channel 6s el ectron profile is sufficiently th
profile, where the charges are a sheet having zero thickness [9]. Applying the charge sheet
model enables using a simplified model to desdtieepseudaverage or effective electric field.
The effective electric field is calculated by
electric field is located at the center of the mobile electron population (Equation 2.42), so that the

effective electric field may be applied as having the identical impact on each channel electron.

J h — U — Equ. 2.42

It must be noted that this commonly used model for effective electric field model is ideal
and does not accoufdr any interface trapped charge&ssuming: 1the interface trapped
chargeare either positively charged or accegthe, 2) are intimately connected to the top layer
of the semiconductor (i.e. the semelistocattdict or 6
between the interface trapped charge andxide layer, then adding Qit to the model produces

equation 2.43, a practical effective electric field model wiichudes interface trapped charge.

~

I — 0 0 f — Equ. 2.43
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Effective Electric Field on Channel, F| ¢ vs. V, (V1 =7.9V)
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Figure 2.7: Effective electric field versus gate bias (with and without Qit).

As canbe seen in Figure 2.7, the practical effective electric field model with
~1.65E12/criNi, is consistently 0.3 MV/cm greater than idealues. Thus, for a gate bias of
15 volts and oxide thickness of 5004, the practical effective electric field is 50% greater than the

ideal effective electric field.

2.24 MOS Capacitor - Electric Field & Potential Distributions and Energy Band Diagram

By integrating Poi s s o npotentiabrgfareande ponnsetlleedi® wi t
the semiconductoroés bulk, the electric field
(Figure 2.8). Integrating the electric field distribution producegttential distribution (Figure
2.9). An energy band diagram was generated fomibigility sStudyMOS capacitostructures
having ptype doping of 8x1t/cn?, a 500A thick SiQlayer, and aluminum metal gate (Figure

2.10).
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4H-SiC Energy Band Diagram (8E16/cm3 P-type at strong inversion)
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Figure 2.10: Energy band diagram of-8C MOS capacitor biased to threshold of strong
inversion.

2.2.5 MOS Capacitance

By differentiating the semiconductor charges (Equation)2:vi® respect to surface
potential, an expressi on fsocanbe¢ determises (Bquatom duct o
2.44). Capacitance of the composite MOS structure is determined as the series combination of
the semiconductor®sdeayp ac ap(laguadon 2.4bn dsingpBGe o
Equation 2.27 to determine the ideal MOS gate voltage, an ideal plot of MOS capacitance versus
ideal MOS gate voltage may be generated and using EquaB6rid2 actual gate voltage and
actual charges as shin in Figure 2.6, the actual MOS capacitance versus actual MOS gate bias

plot can be produced (Figure 2.11).
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0 — N . : . : Equ. 2.44

) — Equ. 2.45
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Figure 2.11: Actual MOS capacitance as a function of actual MOS gate bias.

2.3 Physics of MOSFET Device Mobility

Transport properties in MOSFET devices (i.e. electron response to applied forces) are
governed by the fundamental quantum physics pertaining to the wavefunction nature of electron
in a crystalline lattice [2]. According to the correspondence principle;ceassical
mat hemati cal treatment i s possildctoescalecivelyy wave
behave as a cl assical particl e. Thus, Newt on

few stipulations, specifically replacing classical variables with quantum representations and
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introducing a few unique proportionality cgiants that encompass sets of quantum principles

(e.g. group velocity, effective mass). Quantum level derivations are outside the scope of the
research, however accurate description and analysis of the practical channel mobility behavior in
MOSFETSs requigs a more fundamental understanding than is typically offered in most

semiconductor device textbooks.

2.3.1. The Conductivity Mobility Constant.

In a semiconductor under low electric field conditions, average electron drift velocity is
related to thén-direction electric field by a proportionality constant defined as conductivity
mobility for electrons, py (Equation 2.46).

6 O

& 0 —3 “ 1J  where' j k — Equ. 2.46

h h h h

As shown in the agation, the conductivity mobility term includes:

1)t he electronds ef fang which definesite equipatemt masedf & r ,
conducting electron traveling within a specific crystalline lattice in a specific crystal
direction(which isassgned here as the positivedirection to discern orthogonality to
t he MOSG6s el e c)tHereadhe {direetibndoradtH3i@ (6001)cot wafer
is anyand alldirectiors orthogonalo the [0001] direction (i.e. parallel to the plane of the

wafer 6s,amslur f ace)

2)the average momentum rel axatdi,onwhtérnee (br opo

uniquefor each different scattering mechanimat whichtypically follows a power law

dependenceonth el ect r on 6 s e rwhereg igthe Gcattpnng mechamsm2 . 4 7,
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index,and(and r areconstants for the particular scattering mechanism and
independent of eneryy The individual scattering mechanismsnstituing the set of
scatering mechanisms may be unique to, arelstrongly correlated with the fabrication

methodandprocessingpecifications foforming the oxide layer

TR Th — Equ. 247

To reiterate, the conductivityiobility constant is uniquisr a specific crystal, crystal

direction, and setf scattering mechanisms created from the particular fabrication process

MOSFET Current

By placing a gate bias on the MOS capacitor which is sufficiently greater than the
threshold voltage, an inversiorchannel is created with an electron sheet density defined by
Equation 2.9 with Equation 2.38 or 2.41. The direction of the electricdielted in the MOS
structure is defined with the positivedxection into the semiconductor crystal and the position
at x = 0 is defined at the semiconduetarde interface. Applying a small positive bias to the
drain of the MOSFET creates a positivdiyection electric field and a positivedyrection drift
current according to Equation 2.48 with the electrons traveling alongghammel from the
MOSFETOs sour ce t o-dikatieni With thengradualehamel gpproximatsn, y
itisassmed the | ongitudinal @eg,lisenachsmalertfantleel d i n t he

transver se xeénlthe MOScapacitdr.i el d,
0 NSO i neg — Equ. 2.48
The MOSFET currenrtoltage relationship in the linear regiohaperation is shown in

Equation 2.49 with practical aspects included (derivation found in most semiconductor device

textbooks such as referen@2]), and can be well approximated for very small drain biases
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(~100mV) with the simplified model shown in Eation 2.50 (using Vactuaffrom Equation

2.40). Note in these equations, full ionizatiorttd interface trapped chargeassumed at the

MOS gate bias of ¥

W %o C%o — W —
0 —‘ ;6 _ | | Equ. 2.49
- W % ! C%o !
Oe —' 0 W wjf W —e—"0 W wpj w Equ. 2.50

2.3.2 Surface-Channel Mobility i Unique Scattering Mechanisms

Recall that in the bulk crystal, mobility is limited by the two mechanisms, phonon
scattering by thermally induced vibration motions in the crystal lattice and coulombic scattering
by charges on intentionally introduced ionized impurities (i.e. dopantsatoim MOSFETS
devices, the conducting channels are theorized to be physically located on the surface of the
periodic semiconductor crystal at the interface with the amorphous oxide. The surface channel
introduces additional scattering mechanisms thiééaovely result in channel mobility values
being ~2% of bulk mobility values. The following is a qualitative review of several physical
sources of mobility degradation contributing to the i@ surface channel mobility values

being far below bulk mohties.

Atomic steps

Given that bulk crystal mobility is physic
wavefunction with the periodicity within the crystalline structure (Bloch Theorem), surface

channel mobility is adversely influenced by looas exhibiting less than perfect periodicity.
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Atomic | evel steps on the crystalline surface
path of travel and for wafers cut adkis to facilitate epitaxial growth of drift regions, there is a

guarareed finite linear density of atomlevel steps present along the surface.

Non-periodicity.

Termination of the crystalline structure with an amorphous the oxide layer inherently
creates noperiodic bonds on the surface of the crystalline SiC aintieeface with the oxide.
The amorphous oxide layer itself, which constitutes one side of the interface/channel region,
lacks periodicity. It is generally accepted that the path location for mobile channel electron
travel is at the interface between g@miconductor and the oxide. However, this author contests
that the strong electric field created by the MOS gate bias forces the channel electrons against the
oxide interface, and thus, it is fundamentally plausible that the wavefunctions of conducting
electrons penetrate into, and are affected by theangstalline, norperiodic oxide layer where

wave function coupling is not possible.

Perpendicular transport

The str ong xeatresstherMOS capaciterlactelerates channel electrons
towards the oxide interface (i.e. in th& direction which is perpendicular to the MOSFET
channel 6s drift current) where the electrons
scattered) at a rate pr op o redrcfeld abHach bfthese @S ma g n
gate bias induced scattering events of an electron impacting the interface, also interrupts (i.e.
scatters) the longitudinal;¢yi r ect i on tr avel along the channel

provides an additional scating mechanism that adversely affects MOSFET conduction.
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Fixed oxide charges

A finite number of the intrinsic, spatially random, physically fixed charges present within
the oxide layer which are near the interface, adversely impact surface channigy tmpbi
coulombic charge scattering. Oxide fixed charges are typically positively charged resulting from
unterminated/unbalanced bonds inherent within the amorphous oxide structure, capture/trap
mobile electrons, and are strongly dependent on the parsoof the oxide formation process.
Additionally, neutral defects present in the oxide near the interface may behave as di&eeptor
electron traps, becominmgegatively charged when ionized and contributing to coulombic
scattering. Impacts from the plgally fixed oxide defects are limited to those charged states

and neutral trap defects within close proximity to the mobile channel electrons at the interface.

Transitionregion

The semiconducteoxide interface itself encompasses a region of fihiigkhess of
transition from the fully crystalline silicon carbide material to the fully amorphous oxide layer
which contains local structures that are unique and inherently randomly distributed (non
periodic). The construction and composition of the itemsregion in 4HSIC is highly
dependent on the specific oxide formation processing, with an estimated thickness determined to
be ~7 A or 2 to 3 atomilayers [15]. A transitiomayer of this thickness is not observed for
oxides on silicon substratesdatihhe characteristics have not yet been well studied. Impacts from
the transition region include: 1) charged or neutral states that may capture/trap electrons, become
ionized/depleted offsetting gate charges, and cause coulombic scattering) (isandQ
2) physical disruptions & crystalline deformations which are local areas gberaodicity

adjacent to and/or overlapping the channel region increasing the surface roughness. ltis
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interesting to consider the channel width is thamdito be ~5A thick while the transition region

is ~7 A thick.

Defects

In all practical systems, unintentional undesirable impurities and defects are present
within the crystal, the oxide, and at the interface creating unique localized alterations and
interruptions in uniformity. For SiC and thermal oxidation, the interfacial and released carbon is
well known to be a uniquely problematic issue for at the/SiQ interface contributing toiQ
Interface trapped charge $iC is typically positively chrged states or neutral electron traps (i.e.
acceptor dopartke defects). It has been shown the magnitude ahteeface trapped charge
in siliconcarbide is often an order of magnitude or more above that for similarly formed oxides
on silicon subsates, which result® interface trapped charge densitiesthe same order of
magnitude as mobile electron channel density. On a final note, given the large bandgap in
silicon carbide is almost three t eabkesligr eater
much deeper inside the bandgap where trapped electrons are energetically more difficult to
thermalize (i.e. a similar defect may have a much larger bonding energy in SiC). Also, the wide
bandgap of SiC provides a greater energy range ferdef s wi t h ener gy | evel s
bandgaptofallinside 4#43i C6s bandgap; this equates to a po

for the same defect energy distribution.
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2.3.3 Review of Empirical Sruface-Channel Scattering Models

Thefollowing information is recreated from work in reference [6] for empirical models
of common scattering mechanisms affecting the surface channel mobility characteristics on SiC
MOSFETSs In order to better understand the relative impact from sources Edigipn,
empirical models for predicting mobility are presented for the following types of scattering
mechanisms, each with a dependence on the MOS effective electric field: 1) surface phonon
scattering, 2) surface roughness scattering, and 3) surfaoentic charge scattering. Recall,
the maximum surface mobility is limited by the bulk mobility at a given temperature and
impurity density (Figure 2.2) which for the (0001)-8#C at 1e17/cfhdoping, the bulk crystal
electron mobility is 721 cAVs at 30&K. The cumulative degradation effect on electron
mobility from multiple independent scattering
Rule (Equation 2.52), recalling that each mobility term is specific for a particular crystal and

crystal direction.

- - - Equ. 2.52

Coulombic Scattering

In Figure2.12, surface coulombic scatterimggtermined from Equation 2.53, is plotted
as a function of gate voltage fearying interface trapped charge. Bes empirical model,
surface coulombic scattering is strongly dependent on the total density of charged states in the
MOS structure (including fixed oxide chargesd interface trapped chajgand is inversely
propotional to the effective electric field (gate bias). Notable is that at a MOS operating gate

bias of 20 V, impacts from \in the 18%cm range are nearly negligibd@ mobility, while
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impacts from Njtin the 16%cm range are substantial, and faMbove 16%cm, mobility is

poor (< 20 criVs).

4H-SiC Surface Mobility with Coulomb Scatteringvs. E; ¢
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Figure 2.12: 6F5IC electron surface mobility with surface coulombic scattering [6][23].

H —Yp [6][23].Equ. 2.53

Note that in tie empirical coulomix scattering model (Equation53), coulombic
scattering is nogxplicitly dependent on the gate bmselectric field. he actual relationship is
as follows: increasing the MOS gate bias creates a larger electric field which induces a
increased channel electron density which reduces coulombic scattering effects via sam#ning
all these relationships are captured within the model and fitting constamsacticethis chain
of relationshipswill vary for different situationsife. fabrication processes procedures thus,
practical application of this modi limited andrequires recalibration for any prockire

changes.
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The cumulative impacts and individual contributions of the aforementioned dategb

scattering mechanisms are displayed in Figure 2.13. As can be seen, surface roughness

scattering dominates all other scattering effects.

Surface Channel Mobility - Scattering Mechanisms
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Figure 2.13: 4kB5iC surface electron mobility scattering components & cumulative impact [6].

SurfaceRoughness Scattering

The surface roughness

scatat éni cqatmgohayni <m

representing several physical roniformities like the practical factors previously discussed in

this manuscript including the atomic stepges, termination of the periodic crystal, an adjacent

amorphous oxide layer, transport perpendicular to the MOSFET drift current direction, and

physical irregularities caused by defects and the large carbon concentration in the interfacial

layer. As carbe seen in the empirical model, Equation 2.54 [6][24], the surface roughness
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impacts are quadratically proportional to the effective electric field. It needs to be noted that the
effective electric field in this equation does not explicitly account mtttual effective electric

field including the increases causeditgrface trapped chargélthough, the model is

generally applicable in capturing the trend for a practical relationship, it is empirical and thus,

t he s c o preonsbaht istintied to the data set from which it was derived, and needs to be

reestablished for each specific manufacturing process.

‘ J 8
J R J R

[6][24].Equ. 2.54

Given the inverse dependency of the coulombic scattering on the electric field and the
direct dependency of surface scattering on the electric field, mobility degradation ifnaicts
columbic scatteringNs,tdensity at higher gate biases, are quite Bmmacomparison to impacts
from the surface roughness scattering. As seen in Figure 2.14 at a gate bias of 20 V, surface
channel electron mobility values drop from 23288 for Ns;: of 1E11/cnfto 19 cnt/Vs for
Ns.it of 2E12/cm.

Hypothetically, ifit were possible to eliminate all the sources causing surface roughness
scattering, electron mobility would soar fivefold to ~125 cm2/Vs as seen in Figure 2.15. This
graph illustrates that currently for (0001) -&8#C surface channel mobility, the practieapects
creating physical neoniformities on the surface are substantially more critical than charges

located at the interface.



4H-SiC Channel Mobility vs. E; . for Varying Nit (N;=1.0E11/cm?2)
5 e
70 "u.
65 "
[ Ny ..
60 h Ni; (/em2)
“H,_ e
55 N @ 1.0E+11
z L B
2 50 \: ~-M-2.0E+11
o e
Es - —A—1.0E+12
Z 40 ‘A 2.0E+12
= S
S 35 - A= A= _ Ny ——1.0E+13
= &~ + -~ T 4.'*'.;.
T30 &~ - ..
a i,
& 25 . S
= i~
(] ~
20 @}}‘_
s L
15 =g
| —/_/f
5
0
8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25
Gate Bias (V)

59

Figure 2.14: 4FSiC surface electron mobility fearying interface trapped charge densities.

Channel Mobility vs. E, . for Varying Nit (N;=1.0E11/cm2)
175
150
- 125
=
Z
=
'Li 100 N;: (/em2)
= ——1.0E+12 no SR
3
- @+ 10E+11
E 75 o ®:-1.0E+1
T e
.. ~H-2.0E+11
% "‘-I-__:'_--.
=t . —
5 <o g A—1,0E+12
""~".;.~.,_‘. 2.0E+12
- -k = A= o Y
S el T - :E:“—”l‘.‘:]:u.‘
h.:.r*“"“‘*m—ll
0
8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25
Gate Bias (V)

Figure 215: 4HSIiC (00Q) surface electron mobility fararying interface trapped charge

densities with and withd surface roughness scattering.
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2.3.4 Channel Electron Quantum Confinement

As a result of the MOSOG6s el ectonsiraned i el d, t
against the potenti al barrier oxide | ayer. T
semi conductordéds surface potential which is re

diagram (Figures 2.3 and 2. 1 @&ndindbdpwnivardeglonseere mi ¢c o n
in energy) at the surface. It has been theorized that the band bending is severe enough to create
guantum confinement in the low potential at the surface, adjacent to the high potential oxide
layer. In this scenario, the channedatons at the surface are confined in-dmaeension (in the
x-direction) to a triangular shaped quantum potential energy well.

Onedimensional quantum confinement results in a reduction of the total density of
available states in that direction whickkar di st ri buted in constant ene
incrementally higher energy levels. For-8iC at 1.0E17/cr) the first subband step has been
determined to be ~0.1 eV higher than the cond
doping concentratian[25]; therefore, all mobile channel electrons at the interface are at energy
|l evel s higher than the conduction bandés edge
constant energy steps at higher energy levels equates to a lower concentratbileo€hannel
electrons than is predicted by the charge sheet models previously presented.

The energy level for each subband may be determined using equation 2.55 [26] for the
triangular well where m is the effective mass of the electron in-8kC inthe xdirection, h is
Pl anckds constant, and n is the subband i ndex
the potenti al (or conduction bandbds edge) at
field. Using equation 2.42 foker (and assuming @pi>> Qnv at Vr, and thus, Qa  ¢&), the

first confined mobi |l e ogidcalalteddobe & 0.k e\gapovetheb b a n d
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shold voltage

Consideing the presencef interface trapped charge withsheet density of 1.65E12/€in the

effective electric field Equation 2.43, the mobile electron energy level at the surface is

determined to be consider

ably

hidgedatthreshold 0. 18

voltage. In Figure 2.16, a closg of the energy band diagram near the interface is shown with

the conduction band edge and the confined electron ground state (lowest subband) determined

with and withoutinterface trapped charge. Noleetpatial penetration into the semiconductor

for the energy level increase is much larger than the theoretical thickness of the mobile electron

inversion layer; therefore, it can be assumed that all channel electrons will be at a higher energy

levelthant he conduction band©os

edge.
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For MOSFET operation, the MOS gate is biasedsatibreshold in order to generate a

higher density of channel electrons; increasiggiwhultaneously increases the effective electric
field which consequently increases the effects of quantum confinement. In Figure 2.17, the
increase in channel electrenergy level at the interface is displayed as a function of gate bias;
again, the scenario is worse whenape considered. As previously stated, the increased energy
level nets a lower concentration of mobile electrons than predicted by the chargecieet
Assuming the energy level increase is equivalent to an increase in the surface potential necessary
to achieve the same channel electron density, quantum confinement effects can be treated
mathematically as an adjustment to threshold voltage anchiédnnel electron density can be
determined using the charge sheet model (Equation 2.41). Applying this assumption, the
absolute loss of channel electrons at the surface was determined to be ~8.0&t8/gate

biases just above threshold, 1.0E1¥eta gate bias of 15 V, and 1.3E11fdost mobile

electrons at gate bias of 25 V.

Increase in Conduction Band Energy Level by Quantum Confinement
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Figure 2.17: Quantum confinement effects for gate biases above threshold.
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With confinement, the twadimensional density of available states determined using
Equation2.56 is 1.75E14/cAwhich is more than an order of magnitude greater than the channel
electron density (Nn is 3E12/cni at a \f of 15 V). Therefore, it is not likely the next higher
energy s,whbandhave more than mpewithngQdyglale occupa
0.20 V, and with ®is 0.32 V). This assumption is supported by using Equation 2.57 to
determine the Fermi energayt Itehwrels hwhltiagabte eiqgsu ad . 1

bias of 15 V, amndtapSMgatebi®&6 meV above

z

"QJ 0

Equ. 2.56
__h
j 3 —agQ p Equ. 2.57

Increased energy levels at the interface enable defect states with energy levels above the
bandgap (i.e. in the conduction band) to become activetdsttdes that fluctuate with changing
gate biases (i.e. charged states @nulap3. These newly activated defects may be located in the
transition layer, within the oxide near the interface, and/or in the semiconductor at the surface.
Recalling that barged states and acceplitie traps adverselgffect channel electron density
and adversely affect channel mobility, quantum confinement creates additional loss mechanisms
in addition to directly reducing the mobile channel electron density. It is odtento point out
that traditional methods for determining Will likely not capture defect states at energy levels
above the conduction bandds edge. Further in
confinement in the 4¢¥6iC MOSFET channel are warredt but beyond the scope of this work

and are mentioned here for completeness and assisting in interpreting experimental results.
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2.3.5 FowlerNordheim Quantum Tunneling - Gate Oxide Leakage Current

As a result of the MOSO6s electric field, the
oxide which is a triangularly shaped potential barrier. Gate oxide leakage currents may be

created from FowleNordheim tunneling. Assuming a thresholdtagke of 7.9 V and N:of

1.65 E12/cri the triangular tunneling barrier is 186 A wide with a potential barrier maximum

height of 2.8 V (not accounting for image force barrier height redyciotnreshold voltage

(Figure 2.B).
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Figure 2.B: 4HSiC energy band diagram showing triangular barrier at threshold voltage.

At operational gate voltage of 15 volts, the triangle barrier wlteduced to just 96 A
(Figure 2.8). Itis well known that quantum tunneling current increases drastically with
temperature through reducing bandgaps (i.e. the barrier height) and increasing the energy level &

population density of conducting carriers. A complete quantum tunneling analysis is beyond the
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scope of this research effort. However, this information ifosad here to highlight that
FowlerNordheimguantum tunneling current is an important consideration for evaluation of gate
leakage current in 43$iC MOSFET devices, especially when corner features, which create areas

with enhanced electric fields, are peat as in the case of trergate MOSFET devices.
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Figure 2.B: 4HSIC energy band diagram showing triangular barrier at a gate voltage of 15 V.



66

REFERENCES
1. Schorner R, Friedrichs P, Peters D, Stephani D. Significantly improved performance of
MOSFET'son silicon carbide using the 18RC polytypelEEE Electron Device Lett
1999;20(5):241244.

2. Wolfe CM, Holonyak N, Stillman GEPhysical properties of semiconductoltendon u.a:
PrenticeHall International; 1989.

3. CaugheyDM, Thomas RE. Carrier mobilities in silicon empirically related to doping and
field. Proc IEEE 1967;55(12):2192193.

4. Schaffer WJ, Negley GH, Irvine KG, Palmour JW. Conductivity anisotropy in epitaxial 6H
and 4H SiC. . 1994;339:5900.

5. Ruff M, Mitlehner H, Helbig R. SiC devices: Physics and numerical simuldi@i Trans
Electron Devices1994;41(6):104&4.

6. Kimoto T, Cooper JAFundamentals of silicon carbide technolofjypubl. ed. Singapore:
Wiley [u.a.]; 2014.

7. Baliga BJ.Silicon carbide powr devicesRepr. ed. New Jersey: World Scientific; 2009.

8. Baliga BJ.Gallium nitride and silicon carbide power devic&ngapore: World Scientific
Publishing Companyz017.

9. Brews JR. A chargsheet model of the MOSFE®olidState Electronics1978;212):345
55.

10.Deal BE. Standardized terminology for oxide charges associated with thermally oxidized
silicon. IEEE Trans Electron Device4980;ED27(3):6068.

11.Deal BE. The current understanding of charges in the thermally oxidized silicon
structureJounal of The Electrochemical Societ}974;121(6):198.

12.Plummer JD, Deal M, Griffin PBSilicon VLSI technologypper Saddle River, NJ: Prentice
Hall; 2000.

13.McDonald K, Feldman LC, Weller RA, Chung GY, Tin CC, Williams JR. Kinetics of NO
nitridation in 302/4H-SiC.J Appl Phys2003;93(4):22561.

14. Afanasev VV, Bassler M, Pens| G, Schulz M. Intrinsic SiC/SiO2 interface skdtgsica
Status Solidi (A) Applied Researd®97;162(1):32-B37.



67

15.PantelidesS, Wang S, Franceschetti A, et al. Si/SiO2 and SiC/SiO2 interfaces for
MOSFETschallenges and advancééater Sci Forum2006;527529(2):93548.

16.Brown DM, Ghezzo M, Kretchmer J, Downey E, Pimbley J, Palmour J. SiC MOS interface
characteristicdEEE Trans Electron Devices994;41(4):61&20.

17.Alok D, McLarty PK, Baliga BJ. Electrical properties of thermal oxide grown using dry
oxidation on ptype 6Hsilicon carbideAppl Phys Lett1994;65(17):217-B.

18. Zetterling C, Ostling M. Redistribution of alunuim during thermal oxidation of 6H silicon
carbide.Inst. Phys. Conf. SefNo 137(Chapter 3Presented at the 5th SiC and Related
Materials Conf., Washington D.@993.

19. Zetterling G, Ostling M. Comparison of thermal gate oxides on silicon and carberpfac
type 6H silicon carbide. . 1994:2Q9.

20.Sridevan S, McLarty PK, Baliga J. On the presence of aluminum in thermally grown oxides
on 6H silicon carbide power MOSFETYEEE Electron Device Letfl996;17(3):136.

21.Palmour JW, Davis RF, Kong HS, Corcor@F, Griffis DP. Dopant redistribution during
thermal oxidation of monocrystalline beB&C thin films.J Electrochem Soc
1989;136(2):50507.

22.Streetman BG, Banerjee SBolid state electronic devicea. ed. global ed. ed. Boston [u.a.]:
Pearson; 2014.

23.Powell SK, Goldsman N, McGarrity JM, Bernstein J, Scozzie CJ, Lelis A. PHyasses]
numerical modeling and characterization oft&ikcon-carbide metabxide-semiconductor
field-effect transistors] Appl Phys2002;92(7):40581

24.Tilak V, Matocha K, Dane G. Electrosscattering mechanisms in heavily doped silicon
carbide MOSFET inversion layel&EE Trans Electron Device2007;54(11):2822829.

25.Kobayashi T, Nakazawa S, Okuda T, Suda J, Kimoto T. Interface propertiesafimnd@led
4H-SiC (0001), (120), and (1100) MOS structures with heavily dopdabdies.J Appl
Phys 2017;121(14):145703 (7 pp.).

26. Dimitrijev S. Principles of semiconductor devic&s.ed ed. New York, NY [u.a.]: Oxford
Univ. Press; 2012.



68
CHAPTER 3

Mobility Study Experimental Design

3.1 TrenchGate MOSFET Surface Channel Mobility Extraction Methodology

MeasuringPlanarGateMOSFET ChanneMobility .

One common research method for determining channel mobility in a traditional
MOSFET devices starts with constructing a lorgnpkchannel MOSFET structure know as a
AFat FET0O (Figure 3.1) where the channel, orie
times | onger than a practical dl&dipnlenys channe
FatFET channel becomes the dominesistance of the total device. Given all other resistances
are negligible in comparison, the channel resistance equals the total resistance and an accurate

effective channeinobility value can be determined directly using Equation 3.1.

DRAIN
GATE
R R
| = 7 A T T T o T e CD/
7
PN+ R AT - — R — — — - TN T
ch(INV)
P BASE

Figure 3.1 Very | ong channel MOSFET or AFatFETO f

Y Equ. 3.1
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Lateral Structures for Extracting TrenGateMOSFETChannel Mobility

For vertical trenclgate MOSFET devices,teh annel 6s ori entation i :
100x to 1000x long channels not practically possible (Figur@3.Eor extracting the treneh
gate MOSFETO6s channel mo b i | i tggte MOSFHET steuctunes b i | i t
were created followingte met hodol ogy presented in [I]lsengyol
(Figure 3.2b.) where the drain current passes through two channels lengths and terminates back
at the surface on the source. As shown, there a total of nine resistive componentsealong t

trenchgat e MOSFETs currentés path from drain to

SOURCE

SOURCE DRAIN
N+ SOURCE Res Rep
RN + + L B
pBASEREGION M | f s N Rl |
SBTRS Rch(INV) ’ < Rch(lNV)
P BASE S P BASE

RACC

Trench MOSFET

Trench MOSFET Mobility Structure

N- DRIFT REGION

N+ SUBSTRATE N- DRIFT REGION

0000700000702
DRAIN

(@) (b)

Figure 3.2: (a) Trenechate MOSFET schematic showing channel is vertically orientated.
(b) Unique structure for extracting trengate MOSFET channel mobility.

A set oftrenchgate MOSFETs with varying trench widths of 3, 4, 5, 6, & 73md a set

of planargate MOSFETs with varying channel lengths of 3, 4, 5, 6, & Ayeme simultaneously
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constructed in the mobility studifzigure 3.3).As can be seemothtypes ofMOSHETs havehe

source and drain contacts on the surface of the \maféshare the following four identical
resistive elements: drain contact resistance, drain region resistance, source region resistance, and

source contact resistance.

Trench MOSFET Planar MOSFET

Figure 3.3 Mobility study trenchgateand planaigateMOSFET s$ructures

Channel Mobility Measurement Method for Lateral Trefgdte MOSFET Structures

Themobility study lateratrenchgate MOSFET structures were designed having the
trench width (or trench bottom accumulation region length) equal to the channel lengths of
complementary laterglanargate MOSFET structures and all other device features identical to
those in the @inargate MOSFETsIn the lateal trenchgate MOSFET structure shown in
Figure 3.4a,he total resistance path can be split inettiree groupings of componenithe
first group contains the two channel and two sidewall accumulation resistdresssesistances
are unique to the trenaiate MOSFET structurein the second group are the sounin, and

contact resistancesghich are identical those in the complementary playssae MOSFET
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structures. Thehird is the trench botto accumulation layeresistance By plotting the
measured total sistance versusench width for devices of varying widtfBigure 3.4b)the
trench bottom a cesistanta taalieidaterminedeagdidisiribudicn can be
removed from the totalAs shown, hetotal resistance minus the trench bottom accumulation

|l ayerb6s resistance is expected to be 176 q.

Trench-Gate MOSFET Total Resistance

w0
o
o

Mobility Study Structures

00
(=}
o

SOURCE DRAIN Assume: W_inv =5cm2/Vs
Res Rep 200 W_acc (sidewall and trench bottom) = 10 cm2/Vs
Ei |
P BASE RCHUNV) ; ) Rcuuw) @
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Figure 3.4: Mobility study trenegate MOSFET data extraction method.

The second group of resistances containsdbes, drain, and adact resistanceandis
determined using the complementary set of lateral plgate MOSFET tsuctures Inthe
complementary lateral plangate MOSFET structurie Figure 3.5athe five resistance
components along the currentdhd path can be splitto two groups. The first group contains
theN+ draincontact and series resistance and the N+ source series and contact resistance. The
second group is the inversiomode channel resistancBy plotting he measured total resistance

versuschannel legth for devices of varying channel leng(fsgure 3.5b)the resistance of the
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channel resistance can be removed and the resistance of the total of the N+ graine &
regions and contacts are determined by the interdegpshown, lhe totalresistancef the two

N+source& r ai n regions and the two contacts 1 s ex

Planar-Gate MOSFET Analytical Total Resistance
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Figure 3.5: Mobility study planagate MOSFET data extraction method.

Referring again tohe lateral trenclyate MOSFET in Figure 3.4thecombined
resistancgof the first two groups equal 7 6 (Figure 3.4b) and thiotal resistancdor the
second group (from Figure 3.58)18 . Thusthe resistancef the first groupthe combined
resistance of two channels and two small sidem@lmulation resistances equal s 158 q.
Using analytical models, the two sidewall acc
which is roughly 6% of this groupds total res
concl uded t oexdmple/predictionThismethotology enables experimental

determination of the effective channel mobility in tremgetie MOSFET structures, where leng

channel AFatFETsO0O are not possible.
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Of particular importancwith this channel mobility extractiometrodology isthatthe
channel are& designed and fabricatétenticaly to that for a practical vertat power trench
gate MOSFET device, which captures all the practical aspects of etching the trench formation.
Thus data collecteavith this methods directly applicable to practit&renchgate power
MOSFET devices. It needs to be noted that the mobility values extracted with this methodology
are Neffective mobil it i e-directhymeabured saluesfog t he v al

practical devices. dditionaldetaik on this topic argivenin Section5.3.5.

3.2 Simulated Predictions for Mobility Trial

For mathematicgbhysicalsimulations, the Synopsys Sentaldi#€AD software was
chosen for evaluating and predicating surface channel mobility on #H&@MOSFET
mobility study devices since this software had been extensively utilized within our research
group. However, it was not possible to get convergence whiag the correct material
parameter values for the 461C bandgap and electron affinity in the simulations. Several
extremely detailed problem descriptions were generated for communications with Synopsys and
passed on to the NCSU Office of Informatibachnology, the mandated communication channel
to Synopsys, but no recommendations for a solution were provided. Many, many, many man
hours totaling months of time were spent trying to get convergence while using the correct
material specifications. Afte843 sets of simulation trials (>5000 simulation runs), the final
result was to give up trying to make this software work for predictingg®3HMOSFET channel
mobility. This author recommends trying another software product (e.g. Silvaco Atlas) for

simulating surface channel conditions in-&C MOSFET devices.
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3.3 Fabrication Device Design

For the mobility study, the following devices and structures were selected for inclusion
and thus, were custom designed from scratch: plga@MOSFET structuredrenchgate
MOSFET structures, planar MOS capacitors, Transfer Length Method (TLM) structures, trench

depth structures, and alignment markings.

P+ Region Source Contact Trench P Base Region
Trench G
MOSFET ate
Planar
MOSFET

| \
N+ Region  Drain Contact Channel

Figure 3.6 Overhead view of trenepateand planaigateMOSFET structures.

MOSFETs

MOSFET device dimasions were selected for satisfying three main goals. First, the
channel region width would be wide enough to support a current with magnitude large enough to
be accurately measured. The chosen width was 1000 um. Second, the probe pad regions would
be large enough and adequately spaced for ease of probe access and to avoid any probing
problems that might occur during the manual probing in electrical characterization knowing that

there are MOSFETSs areiented at all angles (Figure 3.6A minimum pad onension of 150
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pm was chosen. Third, spacing between features was 1) large enough to minimize any potential
fabrications issues recognizing that fabrication mask alignment is manual and 2) small enough as
to not affect device operation nor extractiorao€urate dateSee Section.d.2). Additional

MOSFET device design details are presetitedughoutChapter 4 FabricationProcess

Design and DevelopmenTrench-gate(planargate MOFETS withtrench width(channel

length variations of 3, 4, 5, 6, and 7 um were set-4igeside creating a set. A settoénch
gate(planargatg MOSFET s were placed at 0°, 15°, 30°, 45°, 60°, 75°, and 90° orientations to

thedHSi C wafer bé6s fl at edge.

Capacitors

Planar MOS capacitomsere square designs with 500 um x 500 um gate metal

dimensions.

Transfer Line Method Structures.

TLMs were a set of seven pads with spacing between the metal contact window openings
of 25, 30, 35, 40, 45 and 50 um. Width of each pad is 200 um with a contact window width of

180 um (metal contacts overhang the contact window by 5 um).

Planar MOS HalEffect Structures.

Planar MOS Hall Effect structures were created (entirely from scratch) and set at 0°, 15°,

30°, 45°, 60°, 75°, and 90° orientationstothe®i C waf er 6s f |l at edge.
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Trench Depth Structures.

Squareetched trenches with 300 um x 3@t dimensions for stylus profiling were set at

0°, 15°, 30°, 45°, 60°, and 75° orientationtothe®iH C waf er 6 s f | at edge.

3.4 Fabrication Mask Design

3.4.1 Photolithography

Every fabrication step that imparts a pattern into theS#Ewafer require an initial
photolithographic step for transferring the
Photolithography is where an impinging light source is passed through a glass mask on which
some areas are covered with a very thin layer of metal to thedight and other areas allow
light to pass through the glass unobstructed. The unobstructed light imparts a chemical reaction
in a lightsensitive resin material (previously coated over the wafer) that then becomes either
soluble or insoluble. A fifadlevelopment step washes away the soluble resin areas leaving

behind a layer of protective resin patterned according to the design on the glass mask.

3.4.2 Contact Photolithography

The contact photolithography method is defined by the glass maskgressgd against
the resin material during exposure and was chosen for the mobility study for several reasons.
First, contact photolithographic tools using mercury lamps have a long and extensive history in

semiconductor manufacturing and are known todrg vobust and easily maintained when
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compared to the more advanced, higher resolution, projection photolithographic tools which use
smaller wavelength (laser) light sources. It is noteworthy to state that in my previous research
experiences, | had acqat expertise in operation and maintenance of a Karl Suss Contact
Aligner for photolithography; so, any functional or quality surprises were highly unlikely during
the mobility study. Second, a Karl Suss MAContact Aligner was #place and available ali a
three local university semiconductor fabrication facilities. Knowing thabumse,
photolithographic patterning capability would be available enabled flexibility when selecting
specific fabrication process tools (i.e. etcher, metal deposition, @t¢hef mobility study. The
mask glass size foraSussMAont act aligner is 50 x 50.

The main disadvantage of using contact lithography is an inability to resolve the very fine
feat ur es n e e d-eftheartdevites tbeaysé & thesldangetvedength of light. For
the mobility study device designs, great care was taken to overcome this limitation. First,
photolithographic resolution is strongly dependent on the resin (i.e. thickness, basic chemistry,
product quality, etc.); so, resin prodsigtere selected for their specific set of characteristics
throughout this mobilitytudy (see€hapter 4i Fabrication Procesdesign and Development
for details). In preliminary experimental trials, a feature width resolution of 2 um was obtained
using the NCSENNF Karl Suss MA6 Contact Aligner which is at the capability limit of the
light source/tool. Second, the scope of the mobility study waketino evaluating the estate
performance of 4F8iC power devices; thus, device blocking capability was discarded
eliminating the fine features required for edge terminations. Third, the mobility study mask
layers were designed such that there wereritioat alignments via using se#fligned features,
large edge alignment margins, overlaps, and gaps; these modifications were analyzed to have

negligible impact on device performance (Figure 3.7). Therefore, the capability of contact
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lithography was nogxpected to be a limiting factor nor able to adversely affect device yield or

device performance.

Figure 3.7: Trenclyate MOSFET structure schematic with critical pattern edges itemized.

3.4.3 Manual Alignment Markings

Contact photolithography requires manual alignment of each successive patterned layer
onto the previously patterned layers which introduces variations, and errors can easily become
fatal (note, projection tools have automated alignment). For performingahnalignments, an
alignment marking set was needing designed. | would like to acknowledge gratitude to Sizhen
Wang for sharing a croggpe contact lithography alignment marking pattern which proved to be
successful for this mobility study. Two alignmienarking implementation approach options
exist: one, is to impart a new marking on each layer to which the next layer would be aligned
(i.e. daisy chained), or two, is to impart one set of markings on the ba®&Ciafer surface to
which all subsequerayers would be aligned. The later method was chosen in order to eliminate
any possible fAdrifto in subsequent pattern al

of each | ayer so the waferods sur f athegwesel i gn men
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needed (i.e. not etched, damaged, nor covered up during the processing of previously patterned
layers or masking). A complete set of identical alignment markings was placed in each of the 52
die on the wafer in order to maximize the opportesifior alignment and verification of

alignment, even after splitting the single-8#C process trial wafer into quarters and regardless

of defects. Note, that having the extra alignment markings was found to be an absolutely
necessity during the fabricati processing of the mobility study. Engraving the bareS4E

wafer with the alignment markings (and other notations) is the purpose of the first fabrication

process step termed fAzero etch. o

3.4.4 Mask Levels

After the process sequencing was estabtisfuetailgpresented ilChapter 4
FabricationProcesDesign and Developménthe minimum number of design layerseded
for simultaneously forming the plangate and trenclgate MOSFET structures and other
structures was determined to be the follayvseven layers:

SevenMask Levels

1. A Z e r o oaligameatimarking

2. P base ion implantatiomasking

3. N+ source/drain ion implantatianasking
4. P+ contact ion implantatiomasking

5. Trench etchmasking

6. Contact window etcimasking

7. Gateelectrode andourcédrain pad metal patterning



Table 3.1: Layout design mask polarity selection.
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Trench/Planar Transistors Feature Resist

Alternative Processing Designs

Mask # Capacitors Polarity™ type Pattern Process Mask' Efmy Polarity Glass Size
Polarity
1 Zero Etch negative positive subtractive(etch)Darkfield RRB Black on plot = Cled" x 5" x 0.90"
2 P Base Implant* negative positive subtractive(etch)Darkfield RRB Black on plot = Cled" x 5" x 0.90"
3 N+ Source/Drain Implant* negative positive subtractive(etch)Darkfield RRB Black on plot = Cleas" x 5" x 0.90"
4 *P+ Contact Implant negative positive subtractive(etch)Darkfield RRB Black on plot = Cled" x 5" x 0.90"
5 Trench Etch negative positive subtractive(etch)Darkfield RRB Black on plot = Cle&" x 5" x 0.90"
6A Contact Window Wet Etch &egative negative subtractive(etch)Lightfield RRB Black on plot = Darl&" x 5" x 0.90"
6B Silicide Metal Lift-Off postive negative additive (lift-off) Lightfield RRB Black on plot = Darl&" x 5" x 0.90"
7 Metal Lift Off (S,D,G) postive negative additive (lift-off) Lightfield RRB Black on plot = Darl&" x 5" x 0.90"

* For all implant processes, SiO2 Masking was used: A) +PR to etch oxide, and B) patterned oxide for implantation masking
*Eeature polarity is positive if it is raised at the end of the process or negative if it is lower at the end of the process
** Parity: RRB = Right Reading when viewing with chrome side down.

2-ALTP Base Implant
3-ALTN+ Source/Drain Implant
4-ALTP+ Contact Implant

6-ALTGate Oxide Etch

negative
negative
negative

negative

negative additive (lift-off) Darkfield V Alternative process design will work with mask s
negative additive (lift-off) Darkfield V Alternative process design will work with mask s
negative additive (lift-off) Darkfield V Alternative process design will work with mask s|

positive subtractive(etch)Darkfield U Process design for original mask #6

3.4.5 Mask Polarity

For each mask layer, the type of processing which forms that set of features determines

the mask polarity. In a lightfield mask, designed featureblaoked with metal on the mask

and in a darkfield mask, the features are clear whilefeatres are blocked with metal. In

Table 3.1, the processing type and mask polarity are given for the seven mask levels. Note that
alternative fabrication procesgj methods (i.e. metal masking for ion implantation) were

possible using the same mask set for mask levels #2, #3, and #4. As a result of a fabrication
processing change decision made after the mask set was produced, an inverted version of mask
#6 was lagr made using thideidelberginstrumentsiPG 101 Direct Write Lithographyool

inside the NCSENNF; for execution of the replacement mask, the alignment marking pattern

had to be inverted relative to the device patterns.
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3.4.6 Mask Delineation

Mask manufacturing delineation is defined by a dot matrix deposition of metal in rows
and columns. Thus, angled edges and rounded designs are trdigestapl not continuous.
Having devices with critical features (i.e. the trench) set in partialyedtorientations the
mobility study it was deemed necessary to utilize the finest dot matrix available from the mask
manufacturer in order to ensure consistent quality, especially for the trench edges of the angled
designs; the maximized precisiontieased the manufacturing cost & purchase price for the

mobility study mask set.

3.4.7 Computer Aided Layout Design (CAD)

The mask pattern set was custom designed by me using the Virtuoso Layout Suite CAD
software from Cadence Design Systems, IncfR}otal of 98 structures were included in each
die including sets planayate /trenckgate MOSFETSs with 5 channel lengths/trench widths
oriented in 7 rotations, MOS capacitors, TLM structures, and a full set of alignment markings.
The complete mask layoaf a total of 52 die were grouped into four identical quarters such that
after one centerline horizontal dicisgwcut and one centerline vertical dicisgwcut, each
guarterwafer would contain 13 identical die or sample sets (Figure 3.8) for théafmization
gateoxide formation Process Splits. The 52 die positioned on the 100 mm wafer can be seen in
Figure 3.9. A nine page set of design dArul es
verifying the CAD designs and included items such aswdimé o n ¢ h @ateknetal (oe . g . A

source metal (or drain metal) distance is 10 um or moeasare no issues from k&t f f 0 ) .
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Figure 3.8: Complete mask layout.

Figure 3.9:

Die layout over a 100mm wafer.
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CHAPTER 4

Fabrication Process Design and Development

4.1 Introduction

Prior to the start of this research effort, fabrication processing for SiC devices had not yet
been specified; nothing had been previously established. Thus, all tools, processing methods,
and specific procedural details were developed for this reseanjettp To the best of my
knowledge, this work is the first demonstration of a SIC MOSFET fabricated at NCSU without
processing assistance from a major SiC device manufacturer (note, that in this effort, the
processes that were not availabldnouse, wez contracted with outside venders and the
specifications for which were generated by me).

In Sectiors 43 through 4.3, theformat for documenting details for each process step is
divided into two topics headings: B)ocess Desigar process specificains, and 2Process
Developmentvhere the efforts, decisions, and supporting details obtained in forming process
specifications are provided. Every effort was made to develop procedures, methods, and devices
that could be readily repeatable inpracttad nuf act uri ng; no fAshort cut
producefd oiaume que, unrepeatable product. The

design is listed as follows with structural schematics shown in Figure 4.1.

4.1.1 Fabrication Process Segence
1. A Zer o oaligameatimarking
P base implantation masking
P base ion implantation
N+ source/drain implantation masking
N+ source/drain ion implantation

abrown



6. P+ contact implantation masking

7. P+ contact ion implantation

8. Activation anneal

9. Trench etching

10. Posttrench etching processing (sacrificial oxidation)
11.Waferquartering

12.Gate oxide formation

13. Contact windowand gate oxide etch
14.Sourcedrain, & backsideNi-salicidecontactformation
15. Gateelectrode andmurcédrainpadmetal formation
16. Characterization
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Figure 4.1: Fabrication sequencing with structural schematics.
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Trench MOS Transistor Planar MOS Transistor Trench MOS Transistor Planar MOS Transistor
i Z e r Aignmdnt Mark 2. P Base Implantation Masking
Trench MOS Transistor Planar MOS Transistor Trench MOS Transistor Planar MOS Transistor
3. P Base, Al lon Implantation 4. N+ Source/Drain Implantatiaiasking
Trench MOS Transistor Planar MOS Transistor Trench MOS Transistor Planar MOS Transistor
5. N+ Source/Drain, N lon Implantation 6. P+ Contact Implantation Masking
Trench MOS Transistor Planar MOS Transistor Trench MOS Transistor Planar MOS Transistor

- F’-
7 & 8. P+ Contact, Al lon Implantatio& 9 & 10. Trench Etch & Sacrificial Oxidation
Activation Anneal




Trench MOS Transistor Planar MOS Transistor

Gate Oxide
- P-

12. Gate Oxide Formation

Trench MOS Transistor Planar MOS Transistor
Ni,Si,
- P-

Ni,Si,
14. Source, Drain, and Backside {Sialicide
ContactFormation

Trench MOS Transistor Planar MOS Transistor

Gate Oxide
- P-

13. Contact Windovietch

Trench MOS Transistor Planar MOS Transistor

Al
Al Ni,Si
[

. P-
15. GateelectrodeandSourcéDrain Pad
Metal Formation
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4.1.2 Research Fabrication Process Development Effort Methodology[1]:
The research efforsmployedduring the molhity study for developing processes and
process specifications follows the methodology as listed below.

1. Document researalas performed to develop a statiethe-art comprehension of the
process theory, specific requirements in processing silicon eadnd to survey process
options for execution of each process step.

2. A survey foravailability of and physical access to tools & tool capabilities was made to
determine the | evel of Afito to desired pr
any toolor capability not as specifically desired.

3. On available tools, capability & functionality options were studied and compared to the
process theory in order to fully utilize available capabilities.

4. Trials were conducted to investigate/validate tools & meamtions for applicability to
this research project.

5. Metricswereidentified for verifying process consistency of each step and evaluating the
produced product was as expected/desired

6. Trials were conducted on Si wafers/samples for develaamydardizing procedures.

7. Afinal trial run was made on a Si wafer to confirm the established procedures produced
the desired results; this provided a qualitative gauge of process repeatability/robustness.

8. Where necessary, an additional confirmation rus made using a SiC sample.

Typically, this SiC test run was made either bazkack or sideby-side with a Si
sample for an additional set of metrics on which a history had been established.

9. Immediately preceding theitical process run fahe single4H-SiC mobility study

waferencompassing all the diees for thigesearch effort,accn f i r mat uan Adr y
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using aSi waferwas madeisingthe complete set of standardized procedures and

metrics.

4.1.3 Unique Processing for Silicon Carbide

There areseveral unique differences in the fabrication processing of silicon carbide
devices compared to processing similar devices on silicon substrates. One, cherratehivwgt
of silicon carbide is negligible and thus, not a practical patterning method.toretch patterns
into SiC, dryetching processes are necessary.-&ching includes the simultaneous application
of physical bombardment energy and reactive plasma energy where the synergistic effect is far
superior to either aspect individually. Twimpant diffusion in SiC is essentially zero, even at
temperatures greater than the melting point of silicon. Therefore, the dbffib$#on process
which has been critical for fabricating stateart silicon MOSFETS, cannot be applied on
silicon carbide Instead, ion implantation at elevated temperatures is used to establish the exact
dopant concentration and depth with patterning controlled strictly through photolithography.
Three, in SiC, activation of ion implanted dopants and repair of crystalgdgnfram the
implantation process, requires a higimperature activation anneal at temperatures greater than
1600° C. These two process steps, figghperature ion implantation and hitgmperature
activation anneal, are unique to SiC and understandablyeadily available in any known
university lab. Thus, these two processes had to be commissioned with outside venders. Four,
common optical metric methods which depend on reflected light are typically not applicable on
SiC since the wide band gap betmaterial makes it transparent to light in the visible spectrum.

To overcome this issue, silicon samples were typicalgrooessed with SiC so that process
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control metrics could be performed on the Si samples and inferred to the SiC. Five, the SiC
crystal bonds are much stronger than the crystal bonds in Si, thus processes with chemical
reactions require additional energy. For example, the thermal oxidation rate for SiC is
approximately ongenth that of Si at a given temperature; thus, higher teatyes are

necessary for practical process duration times. It is noteworthy to add that nearly all fabrication
processing tools have been optimized for Si materials, and thus, may not be capable to accurately
and sustainably operate at the necessarilyeritemperatures for SiC. For example, electrical
contact formation on SiC is also affected by the lack of dopant diffusion; so, procedures for

guality contact formation require elevated temperatures which are near ottladmae

capability limits fortraditional Si rapid thermal annealing tools.

4.1.4 FabricationProcessUnit Step Development Efforts

For conducting this 4¢8iC mobility study research effort, an itemized listred
identified processes/toaapabilitiesneeded for fabricating Si@evices was preparecbnsising
of twentytwo Process Unit StepPevelopment effortsvereemployed during the mobility
studywhichresulted in varioustages of completion f@tandardizing thederocess Unit Steps
At the end of the mobility studyesearch efforthe status of developmefutr each Process Unit
Stepwas rated usinthe following four categories: 1) Completegsuccessful development of
a standardized process, 2) Completed by custom develstaindardizegrocess specifications
for utilizing vendos fnols, 3)Completedwith limited succesby performing the process as
necessary for the study and without developing a robust, standardized proces$\@nd 4)

Completed andemaining for future work



92

Fabrication Process Unit Step Dmment Completed Succesful Standardized Process

1.

2.

4H-SiC Thermal oxidation process for 50 nm gaxéde

SiO; deposition process for ~Q5B5 pum thick layers for ion implantation & etch masking
(e.g. PECVD with heated chuck).

SiO; etching process for Si€ench etch masking and ion implantation masking (i.e.

highly selective to etching Si@ver SiC with sidewall angle 8590°)

SiCdryet ching process for fAzero etch, o ~0.

Wet-etch process to selectively etch Ni without etchingsiNcide.

Falrication Process Unit Step Developm&@umpleted Standardized®pecifications for

Utilizing Vendor® Tool s

6.

7.

8.

9.

Conformal SiQ deposition process for 50 nm thick gate oxide in treyate MOSFET
(e.g. ALDSIQ)i Dr . Mi srads Group

ALD High-k, (e.g. 50 nm AO3)i Dr . Mi srads Group

Heated ion implantation, (650° C and to 400 keV)

High-temperature dopant activation anneal (1650° C, 10 min. in Ar)

10.RTA on SiC substrate material for Ni silicidation, 950° C/min. with vacuwni-dirming

gas.

Fabrication Process Unit Step Developm@ompleted Limited Success without Standardizing

the Process

11. SiC dry-etching process for ~0.7 um deep trenches with vertical (85°) & smooth

sidewalls and rounded trench bottom corners.
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12.Dedi cat ed, hoeaningstation.Pi r anhabo

13. Al wet or dry etching process to pattern.
14.Carbon capping process.

15.Carbon cap removal process.

Fabrication Procedsnit Step Developmerifiot Completed Remaining forFuture Work

16.NO postoxidation anneal

17.Conformal SiN4 deposition procgs for 50 nm gate dielectric in trengate MOSFET
(e.g. LPCVD)

18.ALD 1 nm L&Os

19.RTA for SiC substrate material pestidation anneal, 1200° C with vacuum, NQ, 8
Ar gases.

20.Poly-silicon gate electrode deposition and subsequent doping.

21.Conformal ~0.5 um iglectric layers for passivation/interlayer dielectrics (e.g. LPEVD
TEOS furnace with heated source delivery lines or PEQWHDS with heated chuck).

22. Al blanket deposition process for 4 um conformal with trench filling (e.g. sputtering

and/or low temperaterreflow at 450°C 550°C)

4.1.5 Justification for Utilizing the NCSU-NNF.
't is this authords experience -NMFast t he
superior in quality over other local fabrication laboratories (B8k#F and UNGCHANL).

For this reason, photolithographic processing was nearly exclusively perforsicha time
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NCSU-NNF for the mobility study. Additionally, the NCSNNF cleanroom is located in the

same building as my office space enabling great flexibility for frequent and intermittent access.
For comparison, processing in either the D&ké¢IF or UNGCHANL labs requires a daily

round trip commute of ~55 miles that consumes ~3 hours of my time. Because of the extensive
timetypically speninsidethe NCSENNF running experiments, the
lab feeswas nearly always achievetthus,the monthly experimental costs remertonstant.

Utilization of either the Duk&MIF or UNGCHANL lab requires paying additional lab usage

fees plus daily parking which increases the total costs for the research project. Most importantly,
the NCSUNNF and | are in the same university, in the same college, in the same department,
and in the same buildirigWe are on the same Team! For these reasons, an attempt was made to
utilize the NCSUNNF for all possible processing, unless there was a substaaniefitoor

absolute neetbr justifying travelling to another location.

4.1.6 Four Gate-Oxide Formation Fabrication Process Splits

Process Split #1: Thermal Oxidation of 4i#C

A dry-thermal oxidation process followed by arsitu inert gas anneal wakosen for
the mobility study as the benchmark gatéde formation processThermally grown oxides on
4H-SiC (0001) are well known to have interface trapped charge densities about an order of
magnitude greater than oxides grown on Si substrdties.mos universally deployed method of
mitigation is an iksitu, postoxidation nitridation anneal. However, furnace nitridation was not

possible for the mobility study as a tool capable of nitric oxide annealing could not be located.
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Process Split #2: Atomicayer Deposition of Silicon Dioxide

Atomic Layer Deposition (ALD) using Bis(DiEthylAmido)SilaiBDEAS) and Q-
plasma precursors was chosen as the silicon dioxide deposition prDegssition was to be
followed by an inert gas poedeposition rapighermal anneal.Interface trapped charge density
was expedd to be substantial becausetd lack of nitric oxide nitridation capabilignd a

poorer quality interfaceompared tahe benchmarkthermaly grownoxide

Motivation for High Permittivity Gat®ielectric

|l ncreasing the dielectricds peAccordingtoi vi ty d
the analytical model, increasingthegdt¢ el ectri céds capacitance | ine
regiord s s p eresistanceaifiguoent.d. Depositecaluminum oxide and silicon nitride were
chosen as gatdielectrics for ProcesSplits #3 and #4, respectively providing an expect®d 4

and 58% reduction inhannel specific omnesistance, respectively.

Gate-Oxide Permittivity Impact on Specific Channel Resistance
in Trench-Gate MOSFET
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Figure 4.2 Gateoxide permittivity mpacton specific channelasistancen the trenckhgate
MOSFET
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Lanthanum Silicate Interface Engineering

As canbe seen in Figuré.2, thehigh permittivity of a lanthanum oxide gadielectric is
expected to reduce the channel specificesistance by a factor eéven compared to silicon
dioxide. A novel approach to improving the interface quality, demonstrated by Yang et al was to
insert a 1 nm lanthanum oxide layer between the ALD silicon dioxide ar8i@lsubstrate
[2][3]. Depositioris followed by a formig-gas (5%H/N2) anneal forming a lanthanum silicate
(LaSiQ) layer. With this process, Peak FieEffect mobilities greater than 120 éivis are
achieved.TheLanthanum oxide (L#s) depositiorprocesss via reactive evaporation using a
Molecular Beam Ejpaxy (MBE) systenwhich is not conformalthus,this process isot
applicable for trenclyate MOSFETsA recommendation for future work is developing the

conformal ALD process for depositing thin layers of lanthanum oxide.

The Four Gat®©xide FormatiorFabrication Process Splits

A Process Split #1 is Drthermal oxidation with irsitu hightemperature inert anneal (no
nitridation capability).

A Process Split #2 is ALD silicon dioxide with inert paiiposition anneal.

A Process Split #3 is ALD aluminum oxigéth inert postdeposition anneal.

A Process Split #4 is LPCVD silicon nitride.



97
4.2 Fabrication Step #0: Wafer Material Design & Development

Wafer Material Specification Process Design

The starting material for the mobility study was chosepeta practical starting material
for commercial construction of 1200V 46{C MOSFET devices. Design for the epitaxial N

drift region is reviewed in Process Development section.

Wafer specifications
A. Manufacturer:Cred4]
Material: 4H-SiC
Size: 100 mm( 4 0 )
Orientation: (0001), Sfiace
Wafer type: N+-type with0.0150 . 0 2cn re¥istivity
Quality: <15 micropipes/cr
Cut4° df-axis towards the <1120> direction
Surface: doublsided polished
Epitaxial growth: N drift region: 10 umthickness oBe15/cni doping andwith a0.5um
N-type, 1e18/crhdopingbuffer layer underneath.

TIOMMmMODOW

Wafer Material Specifications Process Development

For vertical power devices (e.g. MOSFETS), there is a basicofatletween the
blocking voltage capability and the -oesistance which is set by the doping and thickness of the
N- drift region. As is shown with Equations 1.2, 1.3 and 1.4, a drift region which is thicker and
more lightly doped, will block a higher voltage and simultaneously have a higiiesigtance.
Thus, it is prudent to set the doping of the drift region as high as possible and the thickness as

thin as possible while achieving the desired blocking voltage capability.
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4.2.1 Breakdown Optimization - Drift Region Design

The argeed device keakdowrnvoltage(BV) was 1714V chosenn order to achieve an

actual BVof 1200V with margin for pactical edge termination 6.7 or 70% (Equation 4.1).

YOI Q@0 8 Equ. 4.1

Breakdown was designed to de umghthroughd design (as opposed tdiap ar-al | e |
pl aneo br eakdo wnthrdugrsmodeh(EquationZ)[B] &vasmsaectc dnalyze
breakdown voltage versus doping concentration (Figure 4.3) arebmtance versus breakdown

voltage (Figure 4.4he drift region was chosen to be 10 um thick with a doping concentration

of 8E15/cm.

6w Jw — Equ. 4.2

Wd =10 pm,
Nd = 8E15/cm3
BV= 1685V

Target = 1714 V with 1.0 Edge Term.

gives 1200 BV with 0.7 Edge Term.

Breakdown Voltage (V)

Wd =11 pum,
Nd = 8.7E15/cm3
13 BV=1716V

800
2.00E+15 2.00E+16
Doping Concentration (/cm3)

Figure 4.3: Punchkhrough breakdown potential as a function efdNft region doping.
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"Punch-Through" Optimization of Drift Region
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Figure 4.4 On-resistance as function of breakdown voltabjedrift region desigrchosen to be
10 um thickness and 8.E15/2mtype doping.
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43Fabricati on St eRrocessDesignnidDeveloptmenEt ¢ h

The first processing step was to etch into theSl& substrate material markings to
which all other process steps (i.e. all structures) would be aligned. The process is typically

termed Nzeroodo etch as tlontkewiafer set s t he zero

ARZeroo Etch Process Design

The fAzer oo msistedlofefhing €08 snsdepthanto the-8KC material.

The tool chosen was the NCSNNF Oxford NGP80 RIE using CHFO; becaus¢hesegasses
arewell known and a procedure had already been established for silicon carbide on this tool.
This procedure icluded a chamber pi@eaning run prior to processing and a light, one minute,
pre-cleaning oxygen plasma etch step on the process wafer to remove any PR residues in the
areas to be etched. Process specifications: 110 W RF power, 40 mTorr pressura, GABgC

10 sccm @, 3.6 sccm Ar, 20°C table temperature, and 28 minutes etching time.

The masking material chosen was the JSR 1X420H positive photoresist having a nominal
~2.2 um thickness. Thalgantage®f this dryetching mask & procedure includB:any mask
residue in etch areasould bequickly etched away and not cause major iss2igso possible
micromaskingand 3)ease of mask development andskremoval. The one main@ncernis
that thepattern definition may be compromisasl a result of Below-unity selectivity between
the substrate material and the masking material; however, this issue would be mitigated by the

vertical sidewall profile in the resin.
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NZeroo Etch Process Devel opment

Several etching procedures were investigated, somiioh were developed by other
researchers and a couple formed from scratch by me. The process chosen and utilized in this
experiment was one that had been previously developed by other-N@EURb users. Several
process evaluatioruns were made on Siafersfor the following purposes: 1p optimize the
photolithographyrocessand determine an estimate for etch process time vs etch,d2pth
verify etch rate, depth, and quality of the complete process on SiC, two confirmation runs were
made on aample piece of SiC, and 3) to confirm all process details were as desired by
processing oe full L00mm Si wafeusing the standardizgoceduresmmediately prior to
processing the critical, 43iC mobility studydevice wafer.

It was deemed imperatiteo al i gn t he fAzerod etch in prec
wafer flat and thus, the crystal orientation so that the designed mobility study devices would be
properly aligned with the crystallineefon@ fac
etch mask is established during the photolithographic pattering of the photoresist material. Two
aspectsonthe KarlSussMA cont act aligner enabl-®cpuekbdse
alignment is made tr ue andedchgckotimas kdetal  gmenesnt a
made with semautomatic numeric dimensional adjustments in x, y, and theta (rotation angle)
while simultaneously viewing both the wafer s
microscope. Note, the values fommeric dimensional adjustments do not directly reflect the
actual O I-tomal<xelddé crhaslckt i onshi p, but instead are
aspect is not an issue as the operator is able to simultaneously view the mask and wafer surface
ma kings with the tool s microscope and make a

microscope does not have sufficient spatial span capability to view the wafer flat and mask
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simultaneously, alignment i s Tfeptheileardrmowéfexr t he
surface markings). I n the NAtwehaokehohdproécas
is established using a visual align+eThe Ot i ck
i nitial al i gnme n tto-cbheutcwke ehno | 6dl eoradd ecda ncnhoutc kb e per f
manual setting. Al t hough every -tecfhfuocrkt hwoalsd enrad
portion of the tool, it is inherently impossible to achieve perfect human visual alignment.

Confounding his issue further is that it is also impossible to ascertain the quality of the total

alignment between the mask and the unmarked wafer with the wafer loaded in BeddlA

Alignment assessment is only possiblelofé using a microscope and after fiteotoresist is

fully processed through exposure, pesposure baking, and development. Any adjustment to

the alignment after this assessment, requires stripping the fully developed photoresist, RCA

cleaning the wafer, and then repeating the-spetingapplication with a fresh photoresist layer,
prebaking, and reloadingthe M\ usi ng the same compl da el y mant
chuck holdero alignment method that original/l
Obviously, this reprocess effortuyery time and labor intensive and comes without any

guarantee the next results will be an improvement over the previous alignment. In processing the
mobility study device wafer, it was observed after photolithographic processing that there was a

minor devation from perfect alignment to the wafer flat. The decision made was to go forward

with processing and noting the exception from perfection.
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4.4 Fabrication Step #2: Masking for P Base Implantatioo ProcessDesign & Development

For ion implantation, a masking material is necessary to block the impinging ions from

penetrating into the SiC material outside the desired regions. Prior to this research effort, no

processes had been yet established for formation of the mask forplamiation; the masking

process presented here

has

been designed ent.i

Masking Material Thickness for P Base Al lon Implantation
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Figure 4.5: Possible materials for masking the P base ion implantation process

Mask Formation Process Design

The first decision was tohoose the ion implantation masking material. In Figure 4.5, the

aluminum ion implant junction depth (depth at which the implanted Al ion concentration would

be equal to the background tir i f t

regionos

dopi Aisplottedfar@a nt r at i

variation in implat energy (data acquired from [6], models froh&#eviewedin Section 4.%.

From this analysis, the absolute minimum thickness required for possible choices of implant

masking materials is shown by their junction depths.
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Since the ia implantation process for SiC is planned to be at elevated temperatures, near
the melting point of aluminum, both the aluminum and Novolac resin are disqualified from
consideration as melting of these materials would cause issues during the implanbagss.p

Published documents indicated a preference in manufacturing for using silicon dioxide as
a primary masking material in order to eliminate introduction of contaminant species not already
found within the system. One primary reason for not chodsinge a metal mask is the
potential for sputtered metal to land on and contaminate unprotected surfaces which can
adversely affect subsequent processes and/or fabricated device performance. Thus, the masking
material chosen for ion implantation in the iy study was silicon dioxide. A process to
apply and pattern the silicon dioxide mask needed to be developed.

Prior to designing & developing the silicon dioxide masking process, the P base ion
i mpl antation process s cthePdask iemdimplartaiionfprocesse de s
parameters were choseatefails & models provideth Section 4.5, an ionpenetration prediction
analysiswas performed using data from 6 determine the necessary thickness of the silicon
dioxide masking layer to hibit ions from penetrating through and into unintentional areas of the
substrate. For the P base ion implantation, a silicon dioxide thickness of 1.4 um was chosen. As
seen in Figure 4.6, the density of aluminum ions expected to surpass 1.4 um ofdsdidde
are ~6.E10/c five orders of magnitude lower than the background doping of the epitaxial N
drift region (8.E/15/cr#). The following procedures were developed for processing the 1.4 pm

thick silicon dioxide ion implantation mask.
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Al concentration in SiO2 (Masking Material)
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Figure 4.6: Al ion penetration into the Sgnasking material

4.4.1 1.4 pm SiQ Mask Formation ProcessDesign

The ion implantation mask formation process has five major of stages, 1) deposition of
the silicon dioxide, 2) densification of the oxide, 3) photolitlapduic patterning of a drgtch
resistant resin on the oxide layer, 4) patterning the oxide via dry & wet etching, and 5) removing

the photoresist and cleaning.

Stage 1:

SiO, deposition process design:fté&r tremendous developmental efforseéSecton
4.4.9), plasmaenhanced chemical vapor depositi®iECVD) waschoserto deposit ~1.4 um

SiOr using theAdvanced Vacuum Vision 3108BEZVD Systemtool located inUNC-CHANL.
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Stage 2:

Densification process design: The deposited 8i&s densified intte horizontal Tylan

Furnace at NCSUWNNF in an N ambient at 1000° C for 30 min.

Stage 3:

Photolithography process design: For patterning, the JSR PFR IX965G positive
photoresist with ~0.8 um nominal thicknesses was chosen. Photolithography was gerform
inside the NCSENNF using a Headway spioater for photoresist application, hot plates for
baking, Karl Suss MA Contact Aligner for exposure, and a dedicated wet bench for

development using MB19.

Stage 4:

SiO; etching design. The designed etch plan is teatichh 9695% of the thickness of the
SiO; followed by wetetching the remaining-50% plus a wet ovestch of approximately 5% of
original SiQ thickness. The expected advantages of this etching desigmplade:

1. A very uniform lateral etching profile with no corner issues for two reasons. First, corner
issues caused by diffusiamdry-etching are much less drastic than those in isotropic wet
etching. Secondly, finishing the etch process with% over etctby wetetching is
expected tsemove any corner residues remaining, if present.

2. Negligibleundercutting is expected as syecificdry-etching process developed for this
research project is expected to be nearly perfectbotropic.

3. Verysmooh and undamaged SiC surfaces aseatething with bufferedHF solutions are

known to not damageor etchcrystaline SiC surface atoms (Buffered HF is theorized to
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have a very high selectivity of etching Si@ersus crystalline silicon carbide resudfiin
SiC being anearlyperfect etch stop).

4. Thespecificdry-etching procesdeveloped for this researchexpected to protect the
sidewalls so no widenin@or narrowing)s expected to occur during tdey- and wet
etching process

5. Using isotropt wetetching, the slight ovestching of 5% amounts to an expected ~700
A undercut with the vertical height dfis undercutexpected to benly ~700A up from

the crystal surfacemheresidewallsare notprotected).

Stage 5:

Oxygen plasma removal photoresist and cleaning.

4.4.2 Mask Formation Process Development

Since there were no established procedures available for patterning the silicon dioxide
masking layers, a new procedure was developed completely from scratch. The methodology
utilized for process development is outlinedection 4.1.2 anstartswith areview of
published literature. Development efforts including the decisions made, experimental actions

performed, and analyses made are presented below.
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4.4.21 Stage 1: SiQ deposition process development: (tool selection)
The following investigatios on silicon dioxide deposition methods and tools were made

for developing the silicon dioxide deposition plan:

1) LPCVD SiQ.

LPCVD SiQ is known to result in a high quality oxide layer with conformal and uniform
deposition. This option was scrapter several months encompassing numerous unsuccessful
attempts to resurrect operation of the NCSNF LPCVD horizontal tube reactor tool and bring
the standard NCSWINF process capability back #ime. Note that LPCDV SieLTO) was
listed as an availdé process on the NCSNNF website at the time of this research effort and at

the time of this writing.

2) TEOS PECVD Si®

Deposited oxide quality was evaluated for several trials using the custom built, plasma
enhanced CVD reactor inside the NGSIMF. The results produced by this tool were all of
unacceptable quality. During the densification process, the deposited silicon dioxide cracked,
shattered, and flaked (Figure 4.7) assumedly as a result of the drastic thickness shrinkage
(measured to be 50.5%Upon theoretical review of the process technology by this author, the
lack of substrate heating in the TE®@&CVD reactor was deemed to be a fatal flaw in the
systembébs design; thus, it was concluded this

consideration for the mobility study.
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Figure 4.7: Cracking/flaking after densification for TEOS SRBCVD from NCSUNNF.

3) PECVD SiQ (Duke SMIF).

The DukeSMIF Advanced Vacuum Vision 31®ECVD tool had standardized
procedures already establishédowever, during preliminary evaluation runs, two quality
issues, which were deemed major issues, were identified. The first issue was an obvious
unevenness of Si@leposition (Figure 4.8). The obviously uneven Si€position issue was

resolved aftera endor 6s overhaul of the tool and repai

Figure 4.8: Uneven SiQleposition from Figure 4.9: Metal coins that had
Duke-SMIF PECVD tool; image taken prior been previosuly used as wafer stops
to unloading. insideDuke- SMIF PECVD.
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The second issue which was particularly disconcerting for the experimental MOSFET
devices in this mobility study research project, and not satisfactorily resolved, is that historically
within this tool, it had been an ggoing and accepble practice to use pennies and/or nickels as
wafer stops for keeping the process wafer from sliding to the edge or off the chuck during
deposition (Figure 4.9). One major concern here is that both of these coins are alloys with
copper metal which is kmen to be a contaminaat very low concentratiortlevelsin Si and SiQ
materials, severely degrading MOSFET device operation as these atoms readily diffuse to the
underneath the gate and readily migrate with applied gate fields (i.e. mobile charge&)gender
device performance data inaccurate and inconsistently variable. Although copper diffusion in
silicon carbide was not studied by this author, copper diffusion in silicon material is well known
to be extremely fag8][9]; copper is known taliffuse though the entire thickness of a silicon

wafer at room temperature in just a few tour

4) PECVD SiQ (UNC-CHANL).

Standard operational procedures werplace. However, the maximum PECVD $iO
thickness allowed on this tool was 1 um. After procesevewith UNG-CHANL staff,
approval to jointly evaluate thicker silicon dioxide layers was granted. Initial trial results were
found to have exceptional quality in acragafer thickness uniformity (std. dev. 21A) and
waferto-wafer deposition consistencyAs a result, the UNCHANL process was easily

calibrated to the desired thickness after just a couple of process runs.
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4.4.22 Stage 2: Densification process development of PECVD Si(uilt from scratch)

To avoid potential pihole or subsequentgressing issues from thickness or etch rate
variations, densification of the-aleposited oxides was investigated. The densification anneal
process was developed in a horizontal furnace with the holding temperature chosen to be 1000°C
for 30 minutes in aiN> ambient. Densification was also beneficial in confirming the material
guality and identified the unacceptable quality of NGSWMI F 6 s -AEEISSIOQ.

Densification of the PECVD oxides produced by USCHHANL 6 s a+#dMlI BPOKE
tools, showed both to be wéry highquality with shrinkages of 2.1% and 3.2%, respectively.
Given the previous i ssues -uwiformity arfsl pbteRtdls PECVD p
contamination, the chosen Si@eposition processwas UNCHANL&6s PECVD having

excellent uniformity andery low shrinkage during densification

4.42.3 Stage 3: Photolithography process development of etching mask: (Built from
scratch)

Selectivityof masking material

In all practical etching processes, both the substrate and the masking matetiztede
simultaneously. It is desirable to have an etching process developed that has a high selectivity
(i.e. ratio of SiQ etch rate to the etching rate of mask material). Thus, for a specific set of
process conditions (e.g. etch gasses, RF power, @drgrdssure, etc.), etching of the masking

material needs consideration along with etching of the substrate.
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Low selectivity (ratio < 1)

For selectivity values below unity, the mask material is etched at a faster rate than the
SiOy; this scenario hamany inherent problems. First, the thickness of the masking material
must be made greater than the expected &i€hed depth with sufficient margins to ensure the
masking material is never fully etched through accounting for any potential etchingliteesabi
(i.e. from high loading effects or inside high aspect ratio trenches). Thicker photoresist resins
translate into higher photolithographic aspect ratios which reduce feature definition capability
and widen pattern edges.

Secondly, any tilt away &m 90° in the sidewall of the photoresist results in an amplified
transfer into the Sigby a factor equal to the inverse of the selectivity. For example, given a
selectivity of 0.33, the lateral distance of edge recession in thenll®e the same athat of
the photoresist, but occurring within etierd the depth.

A third issue with a selectivity below uni
Since more photoresist is being consumed than ®&2erial, a predominance of plasma energy
and feel gasses are being consumed by thevadneadded process of etching photoresist
which directly lowers the productivity of the entire process. Additionally, the effluent steam can
become saturated with etching byproducts as the concentration is saligtenttieased. Note,
high byproduct densities reduce reaction rates, especially in the bottom of trenches, causing

uncontrollable etching neaniformities

Good selectivityratio> 1).

With selectivitylarger hian uniy, the thickness of the mask can be reduced, enabling

substantial improvements in feature definition and reducing etching variations. Secondly, any
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slope to the photoresist sidewalls is reduced during transference to ther®grtional to the
inverseof the selectivity. Also, any nevalueadded loading effects are minimized enabling

more consistent etching and higher productivity. Therefore, a novel approach to etching silicon
dioxide needed to be discovered with a primary criterion being a sélegtieater than unity.

The photoresist product selected for use in the mobility study displays, when developed,
nearly vertical sidewalls and square corners at the surface; this profile differs markedly from the
slanted sidewall profiles and rounded caosnef typical traditional positive photoresists. The
vertical sidewall and squared corners features were deemed critical for establishing vertical
sidewall profiles in the drgtched silicon dioxide. Two nominal thicknesses of photoresist were
evaluategdoneat a 0.8 um nominal thickness and the other2.2 um. After developing and
optimizing the branehew, robust, dretching process for silicon dioxide with greater than unity
selectivity, the 0.8 um nominal thickness photoresist was determinedstdfloéently thick and

thus, utilized for the silicon dioxide etching in the mobility study.

4.4.24 Stage 4a: Dryetching silicon dioxide process development (Built from scratch)

As previously stated, the silicon dioxide is patterned via two etgrimgess steps; first,
dry-etching followed by weetching. The primary reason for the two sétghing process is
because the drgtching selectivity of Si@compared to SiC is not far above unity. In-dry
etching SiQ, the chemistry for etching is quisemilar to that for dryetching SiC making it
practically impossible to terminate the etching process exactly at the surface of the SiC.

One possible solution to this issue would be add ansttghlayer between the Si@nd

the SiC substrate. Thapproach would substantially increase the fabrication processing
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complexity, introducing more potential sources of contamination and various other quality

issues. Another approach would be to use opticapent detectors which detect the
compositionathanges that occur in the plasma once the etched material is altered which occurs

as t hmoifemtna i s being reached. Thi stod@ proach i
selectivity as the SiC substrate would be severely damaged (etched) befogethalprocess.

The approach taken for the mobility study was to interrupt the @y2etching process prior to

reaching the SiC substrate (i.e. 88 depth), then using wetching to finish etching the

SiO,, exploiting the fact that SiC is not etchiem wetchemistry by bufferedHF solutions

(bufferedHF has an approximately infinite selectivity of S0 SiC). The main requirement

for this approach is to accurately control the-dtghed depth by accurately determining the dry

etching rate of th&iOy; this is one additional reason for adding the densification process step.

4.4.24.1 Development of Unique Etch Process Metrology.

For process monitoring, process improvement, process optimization, and product quality
control throughout the emé process development effort of this new Si@tterning procedure, a
customized measurement methodology needed developed prior to engaging intoaigtsio
process development trials for accurately ascertaining the respective individual contributions
from dry- and wetetching. Theunique process evaluation methodology developed for

conducting this mobility study research effort is as follows:

Etching Process Metrology Method

1. Measure baseline thickness of photorg$t&) after developing using physicstlylus profiler
stepheight tool (i.e. Dektak).
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2. RIE dry-etchingon Oxford NGP80 RIE ~@% of thickness

3. Measurestepheight from topof remaining PRo bottom of etched oxide trench using stylus
profiler.

4. Inspect, qualitatively erifying the quality of etching (i.e. no oddities, contaminants,
unevenness, bumps/miepdlars, slopingof trench bottom, etg.

5. Measure thickness of oxide remaining inhetd trenches using optical tools (i.e.
Nanometrics).Confirmthickness obxide remainingn trenches is as expected.
(note: optical methods applicable only on Si wafers processed immediately prior to the SiC
mobility study device wafer).

6. Wetetch #1 wih buffered oxide etchanBOE) ~5-10% of thickness

7. Measurestepheight from topof remaining PRo bottom of etched oxide trench using stylus
profiler.

8. Measure thickness of oxide remaining in etched trenches using optical tools (i.e.
Nanometrics).Confirmthickness obxideetched &emainingin trenches is asxpected.

9. Wetetch #2 with buffered oxide etchaBQE) ~5-10% of thickness thus ~510% over
etched

10. Measurestepheight from topof remaining PRo bottom of etched oxide trench using ssyl
profiler.

11.Inspect, qualitatively erifying the quality of weetching (i.e. no oddities, contaminants,
unevenness, bumps/miepdlars, slopingof trench bottom, etg.

12.Measure thickness of oxide remaining in etched trenches using optical tools (i.e.
Nanometrics).Confirm thickness obxide remainingn trenches iz 100A verifying the
SiOp etching process was to completion.

13.0xygen plasma PBnd residue removal.

14.Measure etched oxide step height using stylus profiler.

15. Microscopic inspectioit Confirm sample is thoroughly cleaned of all residues.

16.Analyze data Calculate dry, wetl, and wet2 etch rateg review \ersushistoricnumbers.

a. SiO. dry-etcheddepth = oxide stepeighti (wet#2 step height post dryetch
stepheigh)
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b. SiO; dry-etchingrate = SiO, dry-etcheddepth /dry-etching time

c. PR dryetcheddepth = PRbaselinestep height (wet#2 stepi oxide stepheigh)

d. PR dry-etchingrate = PR dnetcheddepth /PR dryetch time
(assumption: ~zero wettching rate for photoresist in BOE)

e. Dry-etch ®lectivity (?:1) =SiO» dry-etching ate / RR dry-etching ate

f. SiO; wetetching (#1) dpth = wetl step heighit post dryetch stefheight

g. SiO: wetetching (#1) rate = at-etching (#1) dpth / we#l etch time

h. SiO, wet-etching (#2) épth=wet#2 step heighit wet#1 step height

i. Percent Si@by dry-etching = post drgtch step height / oxide step height x100%

J. Percent Si@by wetetching (#1) = weetch (#1) step height / oxide step height
x100%

k. Actual percent Si@by wetetching (#2) = weetch (#2) step height / oxide step
height x100%

|. Desired percent Sikby wetetching (#2) = percent Siby wetetching (#1) *
we#2 etch time / wet #1 etch time x100%

17.Completionof SiO; etchingis confirmed and the amount of oxetiching is determined by
thedifference between the desired percent®ippwet etching #2 minus the actual percent
SiOz by wet etching #2.

4.4.24.2 SiO2 Dry-Etching ProcessFundamental Theory

To ensure preservation of feature dimensions in etching the silicon dioxide, extensive
document research was employed from which a fully customized,-beamddryetching
process was developed based uporedching fundamentals and theory. The development
efforts follow the methodology shown the Section4.1.2 First, selectetundamatals of dry

etching are reviewed.
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Svynergistic effects ofhemical reactiomand ion bombardment

Throughout this work, drgtching is the term used to describe the process of reactive ion
etching (RIE). Inthe RIE process, there are two synergisticafijributing mechanisms. First,
is a chemical reaction where plasgenerated reactive species chemically react with atoms on
the surface of the substrate material forming products which are volatile and thus, carried away
in the exhaust stream (e.g. SIEO, etc.). Chemical reactions are naturally isotropic. Secondly
as a result of the RF charge bias, ions are propelled towards the surface of the substrate with
sufficient energy so that the physical ion bombardment assists in severing atomic cngsal bo
on the surface and dislodging surface atoms/molecules. lon bombardment is powered by the RF
biasand thus, is naturally directional (anisotropic). The energies of both processes, chemical
reaction and ion bombardment, positively interfere amplifgiach other (i.e. ion bombardment
helps break surface bonds enabling reactive species to react with the surface atoms, and chemical
reactions create volatile compounds clearing the surface atoms and exposing new atoms to

bombardment & reaction).

RIE vs.ICP-RIE.

Two predominant drgtching tool designs, which differ in method for generating the
pl asma, popul ate todayds mar ket . Il n many com
plasma) is generated by an RF generator which also producashiebion bombardment; thus,
plasma density and ion bombardment are inherently proportional to each other. Alternatively, in
some advanced RIE tools the reactive species density (i.e. plasma) is generated by an inductively
coupled RF plasma (ICP) genenatvhich does not produce a DC bias and thus, no ion

bombardment. To create the DC bias necessary for ion bombardmentRiEG8VIs, a
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separate RF power source is used to propel the already generated plasma ions towards the
surface. The ICHRIE tool cesign allows plasma density (reactive ion density) and ion
bombardment (DC bias) to be controlled independently allowing process engineers much greater

flexibility in optimizing their dryetching processes.

Chemistry & plasma gasses

Dry-etching silicon dioxide material is chemically similar to dissolving silicon dioxide in
HF solutions. In general, he etching proceeds via plasma generated reactive fluorine species
reacting with silicon atoms in the silicon dioxide; fluorine atonspldice the oxygen atoms that
are bonded to silicon atoms, ultimately forming4Sifich is highly volatile. Typically, a small
amount of oxygen is added to the plasma to increase the concentration of reactive fluorine
species in the plasma; otherwise, tbaction rate (~etching rate) would be very slow (i.e. too

slow to be practical).

PR Masksand O.

Unfortunately, oxygen in the plasma also etches photoresist materials used as etching
masks (via oxidizing carbon molecules forming highly volatile @@ CQ). A small addition
of oxygen to the system drastically increases the photoresist etch rate and markedly reduces the
etching selectivity to values, often well below unity (e.g. ~0.3) leading to the adverse processing
issues previously discussed drder to use a fluorine/oxygen etching process, the photoresist
material would necessary be very thick (e.g. at least four times thicker than the desired etch
depth plus a safety margin); thus, for a 1.4 um thick silicon dioxide, the photoresist wedld ne

to be ~7 um. As previously stated, it is best to keep photoresist thickness near the minimum
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acceptable thickness for improved feature definition. It is well known that the thicker the
photoresist, the more difficult small feature resolution becoaraswith the higher photoresist

aspect ratios, other problems such as bottom corner residue become more probable.

4.4.24.3 Phenomenon Discovery and Theoretical Development of the Robusti&n
Dioxide Etching Procedure

Practical Fluorine Plasntatching.

The plasmagenerated, reactive species, in addition to etching surface atoms, may also
form nonvolatile products which are deposited locally on surfaces creating a conformal film
(which is the fundamental theory of PECVD)luérine plasma canreact with carbon atoms and
be a major source of nerolatile fluorocarbon speciedJnder ion bombardment the neplatile
products may be sputterdatpken into smaller molecules, and/or react with the plabneaking
down andorming volatile productgi.e. etched) It is commonly believed that nerolatile
species which are sputtered or deposited on feature sidewalls assist in the anisotropic nature of
RIE by inhibiting reactive plasma species from reaching the sidewalsummary, the RIE
processffectiveness consists of an-gaing balance between all these factors (plasma generated
reactive spec& chemical reactions, ion bombardment,-molatile deposition, sputtering, and
exhausting volatiles).

An extensive literature review of publishedccdmentson etching theoryand practical
etching experimentwas performeavith the goal of finding alternative approaches for etching
silicon dioxide. During this process, a unique phenmmenas discovered by Heinecke[10][11

which propagated into manyvestigations advancingur scientific understanding [1-228].
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Particularly notable is th&phrath[29][30 demonstrated this phenomenwsascontrollable.
Through interpretation & conceptual application of RIE theory, knowledge of etching
fundamentalstheoretical extrapolation, and experimentation, the discovered phenomagon
exploited in this research project and resulted in the formatiomighty repeatable and robust

silicon dioxide dryetching procedure.

Plasma Etching vs. Deposition

During dry-etching of silicon dioxide, two distinct and opposing processes are
simultaneously occurring; one process is the reactive ion etching of the substrate and masking
materials (RIE), and the second process is formation and deposition-weblatite prodicts
(PECVD). The effectiveness of etching versus deposition is a complex relationship depending
on the substrate material, masking materials, etching gas composition, etching tool design, and
specific operating conditions of the eeyching tool.

Concurentlyto etching both the substrate and masking material as described previously
the plasmagenerated fluorine reactive species, in the local absence of silicon atoms, may react
with hydrocarbons forming a nerolatile (deposited) fluorocarbon conforméif (i.e.

PECVD). As is commonly deployed in degching silicon dioxide in fluorine gas chemistry, a
small amount of oxygen is added to the plasma to 1) help stabilize the reactive fluorine species
increasing the reactive fluorine concentration in tlespla, 2) react with and volatize carbon via
formation of CO or CQ and 3) oxidize/breakdown nemlatile carbon based species (e.g.
fluorocarbon molecules) into volatile products; thus, mitigating any depositiorruguild

However as previously explaineatjding oxygen also promotes decomposition (etching) of the
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photoresist masking material and results in severe reductions in selectivity to unacceptably low,
belowunity values.

Found during the literature review is an ability to produce the opposet eff
promoting fluorocarbon deposition by adding a small amount of hydrogen instead of the oxygen.
Most importantly, it was demonstrated Bghrath[3( that in using Ckand H gasses,
enhancement in the deposition of the plagiaaerated fluorocarboiirfi is completely
controllable by adjusting the relative hydrogen gas flow for a given set of process specifications.
These findings also established that, at a high enough hydrogen concentration, all etching would
cease and deposition rates would corgitmuincrease with additional hydrogen flow. From
these published research efforts, the idea came to me that under the proper reactor operating
conditions, it would be possible to establish both etching and deposition simultaneously, and to

do so differetially throughout the reactor.

Jeffds Local Theory

My proposed theory is based upon the concept that local conditions strongly control
chemical reactions (which are local by definition). Thus, in the reactor in areas locally over the
hydrocarbon photoresist material, where there is a local absence of atiicns and the
presence of plasmgenerated reactive fluorine, the dominant plasma reaction process would be
towards growth and deposition of fluorocarbon films (i.e. PECVD). Concurrently in the reactor
in areas locally over bare silicon dioxide, withpuésence of hydrocarbon photoresist materials,
the plasmagenerated reactive fluorine predominately reacts with silicon atoms, simultaneously
liberating oxygen atoms which are locally available to 1) help stabilize a higher concentration of

reactive fluome species in the plasma promoting the local reactive process, and 2) react with and
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remove (i.e. volatilize) carbon, hydrogen, and any fluorocarbon molecules, if present. Thus, in
this single process in a single chamber, local deposition on photavesistoccur
simultaneously with local drgtching of silicon dioxide. The challenge was to develop the
proper balance in operating conditions and plasma chemistry to realize this potential opportunity.
An additional benefit of the dual etching/depositibaorycould berealized though
exploiting the synergistic properties of RIBrovided these two simultaneously occurring
processes are nearly perfectly balanced or slightly tilted towards etching in the areas locally over
the photoresi anjsandogivceprBpEDdDSsSi es created
enhancement to local etching, the etching process will dominate on exposed (horizontal)
photoresist surfaces where the ion bombardment energy assists in breaking the chemical bonds
of surface atoms. Haaver, since no ion bombardment occurs on vertical surfaces such as
sidewalls, and the synergistic properties of readtivedry-etching are not satisfied, etching
essentially ceases (chemical reactions would proceed much, much more slowly and essentially
no etching would occur). Thus, the anisotropic nature of this silicon dioxide etching process
would be nearly ideal. The total result of this theoretical approach is that there are three
simultaneously occurring local processes which all contributeiysgitowards the ideal
specifications of the Sigxry-etching patterning process. Additionally, all three are spatially
controlled directly by the simple and wé&thown process of photolithography with a thin layer

of vertically walled, positive photoriss.

Implementation of theory

Implementation of this phenomenon in the mobility study was not straightforward

however. For safety reasons, it is was deemed unacceptable to add a hydrogen feed line to the

b
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RIE tool along with an oxygen feed line feedmglasma energy source. So, an alternative
chemistry was needed in order to achieve the same phenomenon. After some study, it was
determined that using CH®ould be equivalent to feeding the i, gas mixture at a ratio of
~21% H. Via extrapolatiorirom published experiments, it was predicted that this single gas
source might result in an almost balanced combination of etching and deposition processes
(ideally, some additional hydrogen would be needed). And, through experimentation by
adjusting thdCP-RIE reactor process conditions, separately varying ion bombardment energy
and plasma density, the single gas species might prove adequate to achieve the three desired
simultaneous, local process reactions in the one reactor chamber.

Early experimentaluns on the DUKESMIF Trion Technology Phantom Il Reactive lon
Etcher tool (having the ICP capability), produced inconsistent etch rate results which did not
correlate with the amounts ob@as added. Numerous attempts to utilize this tool failed to
produce any consistency. Knowing that very small amounts@ir@uced drastically different
etch rates, the inconsistency was suspected to a problem with adequate vacuum and/or proper lid
sealing on SMIF6és tool, on whic. CThistdolovesideemaedd a h
unacceptably inadequate for the braredv process | was attempting to develop.

The theory washentransferre to and applied on the new @xfl RIE tool at NCSU
NNF. F om a tool 6ds theor et i c aiNNPtpokisirderiarto the | capab
SMIF RIEL1 toolin that it does not have ICP capabilitRecall that in anC@P-RIE tool, the
reactive speciedensity(i.e. plasmalensity is generated by an inductively coupled BlRsma
generator which does not produBC bias (no ion bombardment). To credteDC bias for
ion bombardment, a separate RF power source is used to propel the already generated plasma

ions towards the surface. THEP tool design allow plasma density (reactive ion density) and
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ion bombardmentRF bias) to be controlleéddependently However, the newly purchased
NCSU-NNF Oxford NGR80 RIE tool does not have ICP capabilitp.the NCSU-NNF Oxford
NGP-80 RIE tool, theplasma density (i.@eactive species density) generated by aRF
generatowhich also producehe DC bias for ion bombardment; thus, plagteasity and ion
bombardment cannot be controlled independently and are inhgoenybrtional to each other.
There was a real concern that the NNF Oxford RIE tool would be inadequate to achieve
the three, desired, simultaneous, local;eliching conditions. For development of the
envisioned silicon dioxide dfgtching process using the limited capability of @dord RIE
tool, numerous experimental process runs were made for producing a minimal amount of ion
bombardment concurrently with maximizing the plasma density while not marginalizing the
stability of the generated plasmisly SiO, dry-etching theory proved to be accurate and the dry
etching proceeded as was expected. This process was then optimized near the limits of
capability for the tool and demonstrated excellence in quality, repeatability, and operational
stability. The etcimg rate for the silicon dioxide was consistent-tostun at ~275 A/min and
the etch rate of the photoresist was consistentounn at ~135 A/min. Thus, the selectivity
was determined to be highly repeatable at ~2.0:1. This greater than unityig\eets
sufficient to enable using a photoresist mask with a small thickness (~0.8 um) enabling finer

feature size and definition out of photolithography.

ImplementatiorResults:

The etched trenches were flat bottomed (i.e. not rounded), smootieatuneless; no

micromasking was observed. Although not directly measured (because of limited financial and
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time resources), the sidewall features appeared nearly perfectly vertical; this was concluded from
optical microscopy as the edge profile was aiguseen as abrupt under magnification with focal
depth adjustments (conversely, angled sidewalls have relatively wide visual profiles, typically
easily seen by a trained eye and skilled microscope operator). It was later determined that the
fluorocarbonbuild up on the tool was proportional to the time of-dtghing operation (as
determined during oxygen plasma cleaning of the tool and observing the plasma color during
cleaning). The consistent etching rate of the silicon dioxide enabled accuratityipgehe
final etched depth to often within 100 A for the 1.4 um layer thickness of SiO

Especially noteworthy is that during the one and only process run on the single SiC
device wafer containing all of the devices and structures for the entiréitynasearch study,
the tool suddenly malfunctioned and ceased operation about halfway through-étehitry
process. It is noteworthy to state that during the hundreds of runs made on this tool spanning the
20 months dating to its first days in op@at(note, | am the author of NCSUNF &6 s or i gi nal
operational procedures for this tool), the NCENF Oxford NGP80 tool had never failed for
this software controlled error either prior to, nor after this critical process wafer run; this failure
eventwasWwat is statistically deemed as fAspecial
NNF staff member and official liaison with Oxford Instruments, failed to produce any
explanation for the root cause of this operational failure. Without making anyiaherat the
procedure, except for resetting the-gtghing time to be the remaining time needed to complete
the etching, the process run was later completed and final results veeqgeased for the total
etching time (within 200A actual measured vensielicted etch depth). This process has
proven to be very robust. It is my opinion that the developed silicon dioxide etching process

produces nearly ideal anisotropic features as demonstrated in the mobility study; because of
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limited time and financialesources, quantifiable data supporting this conclusion was not

collected during this research study.

4.4.2.4.4Si02 Hard -Mask Dry-Etching Procedure
Tool: Oxford PlasmaPro NGP80 RIE (in NCHUNF).

1. PreEtching Chamber Cleaning (empty chanmber
a. Time: 5 mn.

i. (chamber is not clean if plasma color is not pa#ow; rerun as necessary)

b. Pressure: 50 mTorr; RF Power: 150 W; Table Temp.: 20%C5@sccm

2. Load Sample & Pump Down Chamber

3. Oxford Dry-Etching Procedural Steps
a. Pumpdown Step

i. Time: 1 min.
b. OiDescumo Step
i. Time: 30 sec.
ii. Pressure: 80 mTorr; RF Power: 80 W; Table Temp.: 20%Cl@sccm
c. Pumpdown Step (to ensure removal of all oxygen from system)
i. Time: 3 min.
d. Dry-Etching Step
i. Time: TBD based on desired etdbpth
ii. Pressure: 25 mTorr; RF Power:®2%/; Table Temp.: 20° C; CHFO0 sccm
iii. Record throttle angle: (~257° historically)

iv. Monitor DC Bias: typically drifts from > 300 V at start of run to < ~200 V by
end of run.

e. Pumpdown Step

i. Time: 1 min.
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4. Vent Chamber & Remove Sample

5. PostEtching Chambe€leaning (empty chamber)
a. Time: Until plasma color turns paiellow; clean time is proportional to dstching
time.
b. Pressure: 50 mTorr, RF Power: 150 W; Table Temp.: 208C5@sccm

6. Sample Cleaning & Photoresist Removal
a. Oz plasma ashin¢to remove the fluorocarbon residue layer, which is not soluble in
any solvent, and to remove all remaining photoresist)

Results:
274 A/min SiQ (PECVD & densified) etch rate.
f 135 A/min. photoresist dry etch rate.
1 2.0:1, SiQ:PR dry etch selectivity.

4.4.25 Stage 4b: Wetetching PECVD Silicon dioxide (Built from scratch)

Literature review of weetching silicon dioxide revealed the standeawethod is uimg
aqueoudHF solutions. Diluted HF solutions are known to have highly variable &ihing
rates thus, buffereeHF solutions which provide highly consistent etch rates are preferred and
were used in this mobility study.

Document research noted that the silicon dioxideete rate was strongly dependent of
the formation process of the silicon gide; asdeposited PECVD wettched much faster than
densified PECVD, which wettched much faster thalnermally grown SiQ31]. BufferedHF
wet-etching of the Si@materials used in the mobility study were experimentally investigated
and accurate etch rates were determined for these specific oxide layers. Using a 10:% buffered
HF solution, the weetch rate for asleposited PECVD silicon dioxide material was meaduo

be 1570 A/min. For the densified PECVD silicon dioxide -ateh rates were determined to be



128

~700 A/min. The slower and thus, more consistent (i.e. controllabledtalerate for densified

PECVD silicon dioxide was one primary reason for choosrepply the densification process.

4.42.6 Stage 5: Removal of photoresists and fluorocarbon residues (Built from scratch)

In the early stages of process development of thetdtying process, an unexpected &
unknown problem emerged. After deyching the silicon dioxide material, removal of the
photoresist was surprisingly problematic. After-etghing the silicon dioxide, a mysterious
contaminant was discovered during the sohmaded, wethemistry photoresist removal
process (which is commbndeployed in semiconductor fabrication). Some obvious floating
residues were seen in the solvent and then upon inspection of the wafer, similar residues were
seen deposited and randomly distributed across the surface the wafer. Numerous attempts to
spray rinse these surface residues off of the wafer reveled they were strongly adhered to the
surface. The contaminant was also found to be insoluble in all the commonly available
fabrication liquid chemicals including solvents (acetone, IPA, methanol, BtR) Nacids such
as buffereeHF solutions, and bases such as-B1P developer. Extended time (>30 minutes) in
a heated piranha solution, which was frequently recharged with fresh hydrogen peroxide, showed
progress in reducing the insoluble contaminantgiaNery slowly).

Another review of published research papers helped identify the product as potentially a
fluorocarbon residue, typically created in a hydrogen rich fluorine plasma environment with
carbon compounds present (e.g. photoresist). Alsndddrom the published documentation
which was supported by the limited piranha success, is that the fluorocarbon residue can be

decomposed by oxidization. Since oxygen plasmas have ample energy to accelerate the
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oxidation and decomposition, these werpeasted to be more successful than piranha solution.

After a couple of trials the fluorocarbon residues were successfully removed using oxygen
plasmas. For the mobility study, a directionless, barrel type asher was determined to be the ideal
oxygen plasmaleaning tool because it minimized any potential surface damages caused by ion
bombardment. Additionally, an oxygen plasma cleaning procedure was developed to clean the
Oxford dry-etching tool following each silicon dioxide degching process run; thiseaning

process proved to be consistent and predictable.
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4.5 Fabrication Step #3: P Base lon ImplantationProcessDesign & Development

4.5.1 Introduction

lon implantation is a semiconductor fabrication process for placing dopants in a substrate
material. The ion implantation method is accomplished via dopant atoms being ionized,
accelerated, and impinged into the substrate material where the resultant profile (penetration
depth and spread) of these implanted ions in the substrate is govetnautrdment
probability physics of the ions being ionized, the acceleration energy of those ions, and the
substrate material. The aluminum ion (Al++) was chosen astypeplopant for the P Base

region in the mobility study.

SRIM.

The physical mechsms for the energy losses of implanted ions which set the depth
profile have been captured in The Stopping Range of lokktter (SRIM) software
package[@ SRIM also includes many physical constants for various ions and substrates (or
targets). Withthis software, tables can be generated containing the projected range (depth for
the peak concentration), longitudinal straggling (statistical deviation or spread in depth), and
lateral straggling (statistical deviation or spread orthogonal to the depthiain) in a chosen

substrate target for various ion implantation acceleration energies of a chosen ion.

lon implantation models

Following deviation in [fand assuming a random distribution of substrate atoms, the

implanted ion profile can be modledl as a Gaussian distribution profile (Equation 4.3 where x is
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the longitudinal distance, C is the concentrationisiprojected longitudinal range, Re is the
longitudinal straggle or standard deviation, amrdsGhe Gaussian peak concentration).
0w 6‘Qd)f|T Equ. 4.3
Noting that mathematically, the integral of a Gausséianction is an error function,

integrating the Gaussiaoncentratiorprofile, C(x), produces the dose concentratiom Q

Equation 4.4. 8lving for the Gaussian peak concentratipresEquation4.5.
0 WYY Equ. 4.4

0 — Equ. 4.5

Substitutingequation 4.5nto Equation 43 andthensolving forthe longitudinadepth, x
gives Equation 4.6.

» Y YYOY0Yryva e—4 2 Equ. 4.6

The random distribution of substrate atoms may be nearly realized in practice by tilting

the substrate; for 4S$iC, the offcut wafer of 4° is sufficient tilt to minimize tailing effects so

that implantation can be done ar' 30 the surface.

4.5.2 P-Base RegiorDesign

In order to mimic practical treneppate power MOSFET structures in the mobility study,
an optimization of the P base region design was performed for a thicknessyaedpping
concentration assuming unsldied trenchgate MOSFET structures. The P base thickness must
be made wide enough and the doping high enough such that the electric field does not reach

through the P base region when operating in blocking mode; shouldtheacih occur, leakage
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currentswould increase exponentially and quickly become unacceptably excessive. Increasing

the P base thickness Il inearly

n C r-esaskmes.

Increasing the P base doping concentration increases the threshaje Ymiteaversion and

consequently the magnitude of the resultant MOS gate electric field durstgteroperation.

Mathematical physical simulations

Mathematical physicaimulations were performed using the Synopsys Sentadrus T

CAD software for vapus P base thicknesses and a doping concentration of 1.Eii/amH

SiC trenchgate MOSFET structure in blocking mode. In this design, thedises junction

depthwas chosen to be 0.2 um

Impact of Narrowing P Base Region - Breakdown limited
only by 4H-SiC ionization integral equaling unity

(2016-508) (2016-508) (2016-508)
0.6 um P base 0.5 um P base 0.4 um P base

Breakdown = 1479 V Breakdown = 1356 V Breakdown = 1567 V
Current = 1.5E-2 A/em2 Current = 1.3E+2 A/em2 Current = 1.1E+4 A/em?2

Figure 4.10: Twedimensional current density profile 4H-SiC trenchgate MOSFET structure

in blocking mode.

t he

C
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In Figure 4.10, the simulated current density profile inSIB trenchgate MOSFET

structure in blocking mode is shown for three P base region junction depths; in this chart,
breakdown is defined by gnavalanche breakdown (i.e. when the-8KC ionization integral

equals unity). For the thickest design shown with P base junction depth of 0.6 um (channel
length of 0.4 um, recalling the N+ source junction depth of 0.2 um), the leakage current density
atavalanche breakdown is 15 mA/&mHowever, for the narrower P base region cases of 0.5

pm and 0.4 um junction depths, the leakage current density jumps four and six orders of
magnitude, respectively. As can be seen, the current density for the narage®is flowing
through the center of P base region exemplifying the rdamigh condition. Figure 4.11, shows
the current density development while increasing the blocking voltage for four cases of P base
junction depth. As can be seen in the narrowase of 0.3 um, P base regbihough occurs at

very low blocking voltages and for the widest case of 0.6 um, the-thadigh condition does

not occur before avalanche breakdown.

Impact of P Base Thickness

1ES 5

1E4 o

Total Current (A/cmz)

T T T T T T T T T
S00 1000 1500
Drain Voltage (V)

Figure 4.11: Impact of-Base region thickness on reabihough condion in trenchgate
MOSFET structure for 1E17/chp-type doping.
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Additional simulations were preformed to locate the minimum P base thickness necessary
to prevent reacithrough. Adding the specification that the breakdown condition occurs at either
avahnche breakdown or when the leakage current density reaches 100tA&rasults of
these simulations can be summarized as seen in Figure 4.12. It was determined that above a 0.53
pum P base junction depth, the structures demonstrated avalanche breakdbdevices below
0.53 pum junction depth reached the maximum 100 mAtnrent density prior to achieving the
avalanche condition. Note that in the raoralanche cases, the breakdown voltage is specified to
be the voltage at the point the current resch00 mA/criwhich drops very rapidly with
reduced P Base junction depth (or thickness). -@iimeensional current density profiles for the

additional simulations are shown in Figure 4.13.

Figure 4.12: P base reattirough caused breakdown.



