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Directedby JohnR. Williams

Compositeohmic and Schottky contactsfabricatedon 4H-SiC for applicationsin air at
350°C are describedand evaluatedin this study The ohmic contactswere fabricatedon p™
implantedandn™ epitaxialmaterialswhile the Schottky contactsvereonn— epilayers.

Thesecontactsvereprotectedrom the harshervironmentwith thefollowing metallization
layers:Ta-Si-Nsenedasdiffusion/oxidatiorbarrier, Pt-N sputterdepositecat 250°C promoted
adhesiorbetweerthe diffusion barrierlayerandthe Au caplayerandit alsoactsasa barrierto
Au diffusion. A gold caplayerwasdepositedor the purposeof wirebondingto the device or
die attachto a carriet

Thecompositecontactselectricalandphysicalcharacteristicsveremonitoredasafunction
of annealingtime in air at 350°C. For the ohmic contact,characteristicsuchasthe specific
contactresistancandSiC sheetesistanceleterminedrom TLM measuremeniseremonitored
with time of anneal Contactparametersf nickel ohmiccontactonheavily implantedot4H-SiC

materialswerevery stableup to 4000hoursat 35C°C in air. 70-30wt% Al-Ti ohmic contacts



on implantedp*, 80-20wt% Ni-Cr and Ni ohmic contactson epitaxial n*t4H-SiC were also
studied.

Currentdensity- voltageandcapacitance voltagecharacteristicef nickel silicide andTa-
Si-N schottly contactswere studiedasa function of annealingime in air. Parametersuchas
thebarrierheightandideality factorof the devicesweremonitoredandfoundto be stableasthe
deviceswereannealedn air.

Adhesioncharacteristicof the metallizationstack (barrier layer, Pt layer and Au layer)
on thermaloxides, Schottky contactsand ohmic contactswere investigatedin this study All
the contactshave good adhesiorto the metallizationasfabricatedexceptfor the nickel ohmic
contactghatneededAr ion cleaningto improve its adhesiorto the metallizationstack.

In all cases,inter-diffusion within the metallizationand oxidation of the contactswere
monitoredwith RBS (Rutherfordbackscatteringpectrometrypnd AES (Auger electronspec-

troscoyy).
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CHAPTER 1

GENERAL INTRODUCTION AND SILICON CARBIDE

1.1 GeneralIntr oduction

1.1.1 Why This Work?

Theneedfor costeffective high powver/hightemperatursemiconductodevicesis essential
to supportadvancementi power electronicandmicroelectronidechnologythatareimportant
andmuchneededhswe enterthe 21stcentury

Applicationareasarenumerousincluding[1] :

¢ High power switchingfor electricutilities, industrialmotor controlandelectricvehicles.
e Sensorsgontrolsandpowver managemerfor theaerospacandautomotie industries.

e Control electronicsfor the nuclearpower industry and down-hole well logging in the

petroleurmdrilling industry

Thetechnologicaimplicationsof advancedelectronicsare huge,andso alsoarethe eco-
nomic implications. Millions of dollarscanbe saved for aircraft and spacecrafais a result of
reducedspaceandsize,higherefficiengy for power/fuelusage simplersystemdesign,andim-
provedlong-termreliability [2]. In theautomotveindustry hightemperaturepn-enginesensing
will leadto higherfuel efficiency andlesspollution of the ervironment.

The US Departmenof Defencerequireswide bandgap devicesandcomponentsolutions
for moreelectricships,aircraftandvehicles,spaceplatforms,anddirectedenegy missions.A

neartermgoalfor the Air Forceis the developmentof advancedmotor drivesfor flight control



andspacevehicleapplicationsand corverters/ivertersfor power conditioningapplicationsin
moreelectricaircraftanddirectedenepgy systemgz2].

It is well known that Si-baseddevicesare not capableof high temperaturer harshervi-
ronmentoperation.Thereforemajorimprovementsn systemperformancdor extremeerviron-
mentswill resultfrom the successfutlevelopmentof wide bandgap semiconductomaterials
like SiC, thegrouplll-nitrides (GaN,AIN andBN) anddiamond.

Diamondtechnolgyis still in its early stagef development.The directbandgap nitrides
arebeingdevelopedfor blue-UV optoelectroniapplications.SiC is the mostdevelopedof the
wide bandgap semiconductorsandthe 4H polytypeis particularly suitedfor high power/high
temperatur@pplicationdbecausef its intrinsic propertiesuchaslargerbandgapeneny, higher
breakdaevn field strengthhighersaturatedatarriervelocity, higherthermalconductvity andmore
isotropic bulk carrier mobility [3]. For high power applications,4H-SiC material properties
promisehigherpower density(reducedsizeandweight), lesscooling, improved operatingeffi-
ciengy andgreatereliability.

The adwantage®f SiC for high power/hightemperaturepplicationscanbetranslatednto
practicaldevicesonly if advancedmetallizationandpackagingechnologiesaredevelopedthat
allow devicesto operateunderextremeconditions.The developmenif harshervironmentmet-
allizationschemeshatarecompatiblewith high temperaturgpackagingechnologyis thefocus

of thiswork.

1.1.2 Obijectives

Thegoalsof this work arethefollowing:

e Develop an advancedSiC metallizationprocessor ohmic and Schottly contactsthatis

suitablefor long termoperation(~ 10khr) in air at 35C°C.

2



e Developa protectionschemeagainstoxidationandmetal-interdifusion,therebypreserv-
ing thecharacteristicef themetal-semiconductaonterfaceandtheelectricalperformance

of thecontacts.

e Make the metallizationprocessompatiblewith hightemperaturgackagingechniques.

1.1.3 To Accomplishthe Objectives
Typical compositecontactlayout

For high temperature/higlpower devices, composite(multilayer) contactsthat are com-
patible with the techniquesand proceduresisedfor packaging(wire bondingand die attach)
have beenproposed2]. A typical compositecontactis shovn in figure 1.1. The simplest
compositecontactwill have threemetallizationlayers: (1) ohmicor Schottk/ contact,(2) diffu-

sion/oxidatiorbarrierlayerand(3) caplayer.

An ohmic contactmust have symmetriccurrent- voltage (I-V) characteristicwith the
lowestpossiblespecificcontactresistanceA Schottky contactis a metal-semiconductarontact
with asymmetrid-V characteristicslt shouldbe ableto turn-onat low forward voltages,and
the reverseleakagecurrentshouldbe aslow aspossible. The diffusion/oxidationbarrierlayer
musthave metal-like conductionwhile preventing,or at leastslowing, the intermixing of stack
layersaswell asreducingthe oxidationof the contactlayerwhich canleadto increasedontact
resistanceBecaus®f thenon-idealityof thebarrierlayer, it maybenecessarjo introduceother
layers(e.g.,a suitableadhesiorayer) in the metallizationstack. Finally, the caplayer mustbe

suitablefor packaginghroughwirebondingor die attach.
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Ohmic contact

Ohmiccontactanbefabricatedo eithern-typeor p-typeSiC.

n-type ohmic contact- Nickel-basedcontactson n-SiC have beenmore widely reportedcom-

paredto othermetals[4, 5, 6]. Specificcontactresistancéetweenl x 10~ and1 x 1072Q —
em? canbefoundin literature,dependingpn the processingnethodanddopingconcentration.
Nickel-basedcontactsare known to be thermally stable,and so are appropriatefor this work.
Nickel reactswith SiC at temperatures> 900°C, forming silicidessuchasNisSi which is an
excellentohmiccontact]5, 6].

p-type ohmic contact- Aluminum basedmetalalloys (AlTi, NiAl, etc)arewidely reportedto

form ohmic contactgo p-SiC[7, 8]. Al-Ti formsanohmiccontactto moderatelydopedp-SiC
whenannealedttemperatureabose 800°C [7, 8]. A greatdisadwantageor the Al-basedcon-
tactis the possibileoxidationof Al duringlong-termoperation.However, ohmic contactswith

excellentuniformity andreproducibility have beenreportedwith Al-Ti alloys [9, 10, 11]. The



70-30weight percentAl-Ti alloy is goodfor p-SiC ohmic contactshecausef reducedspiking
of Al into the SiC. Thecontactis morereproducibleandthe contactiayer/SiCinterfaceis much
smotheffollowing thecontactanneal.70-30W1t% Al-Ti will beusedin thiswork for ohmiccon-
tacton p-SiC,andwe will investicatethethermalstability of thisalloy at350°C' in air. Ni-based
alloyswill alsobeinvestigatedaspossiblecandidate$or onmiccontactdo heavily dopedp-SiC

(~ 102%cm—3).

Schottky contact

Nickel silicide will be sputterdepositedor Schottk contactson n~4H-SiC. PureNi has
beenconsideredaswell. However, Ni reactswith SiC at about600°C to form nickel silicide.
This reactioncould affect the Schottky characteristicgluring the long-termthermal stability

investigationwe intendto carryout. Sputterechickel silicide is expectedto morestable.

Diffusion/oxidation barrier layer

An effective diffusion barrieris necessaryespeciallywhereit is impossibleto eliminate
thermodynamidriving forcesfor reactions. An extensie body of literatureexists for barrier
layersusedin silicon VLSI/ULSI applications. Transitionmetalsilicides (e.g. TaSk, MoSis,
WSis) have beenusedsuccessfullyThesesilicideswill be studiedaspossiblediffusionbarriers
in SiC compositecontacts.

The rate of masstransportthrougha polycrystallinematerialis noticeablyenhancedy
migrationalonggrainboundariesThesilicideswe will consideifor diffusionbarriersaresome-
times polycrystallineor amorphousdependingon the depositionprocess. Diffusion through

a polycrystallinematerialcanbe reducedsignificantly by "stuffing” the grain boundarieswith



smallelementsuchasnitrogenor carbon139]. Grainboundariegrenotaproblemif themate-
rials areamorphoushowever, crystallizationduringlong-termoperationat elevatedtemperature
is apotentialproblem.

We will sputterthesilicide barrierlayersin Ar /N, gasmixturesin orderto produceamor

phousbarriersor to improve the propertiesof polycrystallinediffusion/oxidatiorbarrierlayers.

Cap layer and packagingissues

Layersabove the barrierlayer have to be oxidation/corrosionresistantand mustbe com-
patiblewith the diffusionbarrier(adhesiorandstability). Caplayersneedto be suitablefor the
ervisionedpackagingsheme:e.g.wirebondingdie attachor brazing.

All compositemetallizationschemewill be developedfor 350°C operationin air. Com-
posite contactstackswill be evaluatedelectrically (LTLM, 1-V, C-V) and physically (RBS,
AES/XPS,XRD). Mechanicaltechniqguegshearand pull testing)will be usedto evaluatethe
durability of the wirebondsanddie attachmentsDeviceswill be subjectedo temperaturecy-

cling at350°C in air.

1.2 Silicon Carbide

1.2.1 Intr oduction

Silicon carbide,originally called mineral moissanite hasbeenknown to exist naturally
sincethelate1800s.It gainedattentionbecausef its chemical thermalandmechanicastability
[12]. Basedontheseproperties SiC hasbeenusedlargely in industryfor grindingandcutting.
Acheson13] wasthefirst to devise a methodof producingSiC on a large scale,andthelargest

market originally wasfor useasan abrasve. However, otherapplicationsvere soonexploited



- including cheapheatingelementswith long lifetimes, coatingof uraniumgrainsfor the fuel
elementof nucleareactorsreinforcedmaterials etc. PolycrystallineSiC with binderswasfirst
usedin commercialelectricaldevices aslightning arrestorsto protectequipmentfrom power
sulges[12, 13].

Major scientificintereststartedwhencrystallographersbsenedthathexagonalSiC is ca-
pableof crystallizinginto mary differentforms calledpolytypes.ZnSis anothersemiconductor
thatoccurswith similar structuralvariations.SiC is however uniquebecauséhe semiconductor
band@pis polytypedependentypically betweerR.2eV for cubicSiCto 3.3eV for thewurtzite
structureg[12].

SiCis sometimesefferedto asboththe oldestandyoungessemiconductof12]. Lossav
[14] in 1907discoreredthe electroluminescencef the semicondutowhile experimentingwith
SiC crystals. The first systematicanalysisof the semiconductopropertieswas conductedn
1945by Busch[15] usingmaterialfrom the AchesonSiC crystalcollections.Becausef thedif-
ficulty of growing goodquality singlecrystalsatthetime, progressvasslow towardsexploiting
the semiconductocharacteristicef this material.

Cree,Inc. introduceda 25 mm single crystalwafer of 6H-SiC in 1990[16]. However,
known materialproblemssuchastheexistenceof micropipedefectgsmallholespenetratinghe
wafersparallelto thegrowth direction)persistedMicropipe diameterszariedfrom lessthanone
micron to tensof microns,andthe micropipedensitywasabout10*ecm=2. By the year2000,
noticeableimprovementsin wafer quality had beenachieved. Seventy-five millimeter wafers
with 50 — 100upipes/cm? were available. Waferswith asfew as3.5upipes/cm? have been
reportedrecently[16]. In 2004,Nakamuragtal.[17] reporteda modified gronvth methodthat

hasled to ultra-highquality SiC singlecrystalsthatarevirtually dislocationfree.



1.2.2 Crystal Structure

Thefundamentalnit of SiC hasatetratydral structurewith four nearesheighborC atoms
bondedo Si (SiCy) or four nearesheighborSi atomsbondedo C (C'Si4). BondingbetweerSi
andC is primarily (88%) covalent,therestof the bondingis ionic. [20]. Polytypismis the most
remarkabldeatureof SiC. Polytypismmaybedefinedastheability of a substancéo crystallize
into a numberof differentmodificationsin all of which two dimensionf the unit cell arethe
sameandthethird dimensionis avariable integral multiple of acommonlength[12]. Two base
vectorsof the hexagonalunit cell ared; = ds = 3.078 A while the third basevector & is an
integral multiple of 2.518 4. Thedifferencebetweerthe polytypesis in thestackingorderof the
basicbuilding blockswhich areclosepacledSi-C tetrahedraln all polytypes,ary Sior C atom
hasthesamefirst andseconccoordination Every atomhasfour first neighborsof the otheratom
andtwelve secondheighborsof the sameatom. Thereareover 200known polytypes,andsome
polytypesdo not have a repeatingpatternuntil after hundredsof layers[21]. SiCis a bi-layer
compoundaborethecenterof atriangleformedby threeSi atomsis acarbonatom. ThethreeSi
atomsform in anhexagonalnetwork forming thefirst Silayerof thestructure. Thefouth Siatom
of thetetratydral belonggto the secondayerof the Si network. The Si atomin thesecondayer
bondsdirectlyto thefirst carbonlayeratomsdirectly aboveit. Theatomsof thethird Silayerare
connectedlsoin unilateralpositionto the atomsof the secondcarbonlayer. They may occupy
a positionhaving its projectionon the atom of thefirst Si layer or at the centerof the triangle
not coveredby the projectionsof the atomsof thefirst carbonlayer. Identicalsuccessie layers
of tetratydraareorientedeitherparallelor anti-parallel. Differentstructuresariseasa resultof

thecharacteristicsuccessioor alterationof tetratydral layers forming arepeatingunit. If every



layeris parallelto apreceedindayer, acubicstructures formed,butif anti-parallelahexagonal
structureis formed[20].

The Ramsdellnotation[22] for polytypesis the mostcommonnotation,while Zhadane
[23] is anothemotationthatis sometimeaused. Ramsdellnotaionhasa bravis lattice type of
structure(H - hexagonal,C - cubic, R - rombotydral). Preceedingdhis letteris a number(eg.
3C,4H, 6H), which specifieshow mary bi-layersform therepeatingstructurealongthe stacking
direction.

The mostcommonof SiC polytypesbeing developedfor electronicapplicationsare 3C
(6-SiC), 4H and6H («-SiC). 3C-, 4H- and 6H-SiC stackingsequencareshavn in figure 1.2
[24].

Thereis aclosecorrelationbetweercrystallograhpi@andsemiconductingroperties Even
within a given polytype,someimportantelectricalpropertiesare nonisotropic thatis, they are
strongfunctionsof crystallographicdirection (e.g. electronmobility for 6H-SIiC) [25]. It is
known experimentallythat growth temperaturg26] andpressurg27] affect polytypedistribu-

tion, andimpuritiesmayalsohave anaffect[13, 26].

1.2.3 SemiconductingProperties

Silicon carbideis a wide bandgap semiconducto(E, = 2.2-3.3eV) like GaN(E,; = 3.4
eV) andAIN (E;, = 6.2eV) [16], and SiC is the only known compoundsemiconductothat
canbe oxidizedto form a high quality native oxide (SiQy). Silicon carbidecanbe dopedin-
situ during growth by introducingnitrogenor phosphorougor n-type conductvity and either
aluminumor boronfor p-type conductvity. Doping concentratiorrangesfrom 10'4em =3 to
> 10%cm =3 [28]. Selectve dopingcanbe achieved by high enegy implantation. The usual

doping methodfor Si of thermaldiffusion is not practicablefor SiC becausef the very low
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diffusioncoeficientsbelon 2000°C for all dopantspeciesFor similarimplantandpost-implant
annealconditions,activation percentagearelower for Al andB comparedo N andP, sothat
selectve p-typedopingis morechallenging.

Large bandgap enegy andcorrespondingljfow intrinsic carrierconcentratiorallow SiC
to retainits semiconductingharacteristicat much highertemperaturesomparedo Si, since
the intrinsic carrier concentratioris a pre-factorin the equationgoverningundesiredunction
reverse-biadeakagecurrent. As the temperaturéncreasesthe intrinsic carrier concentration
increasesxponentially The leakagecurrentincreasesaswell, and eventually at high enough
temperaturesemiconductodevice operationis overcomeby uncontrolledconductvity asthe
intrinsic carrierconcentratiorexceedgheintentionaldevice doping[25].

The breakdaevn field andhigh thermalconductvity of SiC, coupledwith high operational

junctiontemperaturetheoreticallypermitextremelyhigh power densityandoperatingefficiency.

1.2.4 Devicesand Applications

FET Structure

All field-effect transistorq FETs), whetherMOSFETs,MESFETsor JFETshave similar
structure[29]. The gate contactmetaland conductingchannelform a parallel plate capacitor
Thesheetchagedensityo of themobilecarriersatary point, x, alongthechannels controlled

by the potentialdifferencebetweerthe gateandthe channel.

o, = Ci[Vas — V(z) — Vr] (1.1)

Vr = thresholdvoltage, Vs = voltagedifferencebetweenthe gate andthe source,V (z) =

channeloltagewith respecto the sourceandC; = gatecapacitanc@erunitarea(e;/d;). The
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Substrate

Channed Gate dielectric layer

Figurel.3: BasicFET structure[29]

draincurrent/; depend®n o, andthedrain-to-sourcevoltageVpg becausé/(x) varieswith
andtendsto reduceo,.

The thresholdvoltageis an importantparametein FETsbecauset separateshe above-
thresholdregime (or on-statewherethe chage inducedin the device channelis proportional
to the gatevoltageswing), andthe belon-thresholdregime (or off-state). The potentialbarrier
separatinghe sourceandthedraindetermineshetransistoroff-currentandhencethe on-to-of

currentratio[29].

MOS techology

Thevastmajority of semiconductointegratedcircuitsrely onsiliconmetal-oxide-semiconductor

FETs (MOSFETS). Succeswith Si-MOSFETshasnaturally encouragedhe developmentof

12



high-performancénversionchannelSiC-MOSFETSs. The differencein the quality of the ther
mal oxide grown on Si andSiC haspreventedSiC-MOSFETdSrom realizingtheir full potential
[25].

4H-SiC MOSFET deficienciescan be attributedto differencesn Si and SiC thermalox-
ide quality and an interfacestructurethat causesSiO,/SiC to exhibit high interfacestateden-
sities (> 10'3eV ~lem~2 nearthe conductionband edge), high fixed oxide chage densities
(~ 10" — 10'2em~2), chagetrapping,carrieroxide tunneling,androughness-relatescatter
ing of inversionchannelkarriers.The SiOy/SiC interfacecanbe muchrougherthanthe SiO,/Si
interfacebecausef the off-angle polishing neededor homoepitaxialgronth aswell as step-

bunchingthatcanoccurduringannealingo activateimplanteddopantspecieg25].

High-temperature devices

Siliconbecomes conductorattemperatureabore about200°C becaus®f anarrov band
gapthatallowstheintrinsiccarrierconcentratiorno increaseapidly with temperatureFor higher
temperaturapplicationsandin high power systemswvherejuction self-heatingeadsto much
highertemperatureSi deviceswill notbe suitable.Hence transitionto SiC is essentiafor high
power/hightemperaturapplications.

Long-termreliability of SiC devicesoperaingat temperaturefetween300 — 600°C is a
challenge. High temperatureagate-insulatoreliability is neededfor the successfutealization
of MOSFETFbasedntegratedcircuits. Gate-to-channebchottky diodeleakageimits the peak
operatingtemperaturef SiC MESFETsto around400°C' [25]. Bipolar SiC transistorsexhibit
poorgain, butimprovementsn SiC crystalgrowth andsurfacepassvationcouldgreatlyimprove

SiC BJT performancdo make SiC bipolar devicesa moreviable technology[30]. A common
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obstacleo all technologiess reliablelong-termoperationof contactsinterconnectspassvation
andpackagingat T > 300°C.

IncreasinglycapableandeconomicalSiC integratedcircuitswill continueto evolve asSiC
crystalgrowth anddevice fabricationtechnologycontnueto improve. Currentlyhowever, non-
ideality in SiC epilayerdopingandthickness surfacemorphologicaldefects,andslow chage
trapping/detrappinghenomen@auseunwanteddevice |-V drift, andlimit theyield, size,and

manufcturabilityof SiC high-temperaturéCs [31].

High power devices

High power switchingdevicesoperatewith high electricfields andhigh currentdensities,
placinggreatelectricalstresson thedevice. [25]. Currentpower switchingdevicesarereaching
a fundamentalimit imposedby silicon’s low breakdaevn field. Silicon carbidehasabout10
timesthebreakdaevn strengthof SithoughSiO,/SiC interfacequality is notyetasgoodasthatof
Si0y/Si. Neverthelesspowver MOSFETs |GBTsandvarioustypesof MOS-controlledhyristors
(MCTs) canall befabricatedbn SiC. Becausef the higherbreakdevn field, SiC power devices
canhave specific-orresistancesp to 400timeslower thansimilar Si devices[32].

4V3

R, =
on ansEg’

(1.2)

Vg is the breakdavn voltage, E. is the semiconductocritical field, u,, is the carriermobility,
ande; is the semiconductopermittivity. For SiC, E. is aboutseventimeslargercomparedo Si.
Early on, commerciallyavailable SiC epilayerswerelimited to about10um in thickness

with a maximumblocking voltage of about1600V. However, with the introductionof thick
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layer growth techniquesthe epilayerthicknessbarrier hasbeenremoved, and the maximum
blockingvoltagehasincreasedo > 10kV for asingledevice [33, 34].

Micopipeshave beena seriousproblemfor SiC device quality andyield, but the desity
of micropipeshasdroppeddrasticallyfrom hundredsper squarecentimeterin the early 1990s
to ~ 1 persquarecentimeterin the bestmaterialcurrently available. Apart from micropipes,
the densityof scrav dislocationdefectsin SiC wafersand epilayershasbeenmeasuredo be
of the order of several thousandper squarecentimeter While thesedefectsare not nearly as
detrimentako device performancesmicropipesgxperimentshave shavn thatthey candegrade
materialpropertiessuchasbreakdovn field strengthandminority carrierlifetime [25].

For SiC powerdevicesto functionsuccessfullyperipherabreakdevn owing to edgerelated
electricfield crowding mustbe avoidedthroughcareful device designand properchoiceof a
passvatingdielectricmaterial. The peakvoltageof mostprototypehigh-wltageSiC deviceshas
beenlimited by edgerelatedbreakdaevn, especiallyin SiC devicescapableof blockingvoltages
above afew kilovolts [25].

The high power diode rectifier is a building block of power conditioningcircuits. SiC
power rectifiersare similar to Si diodedevice in mary ways, exceptthatthe currentdensities,
blockingvoltages power densitiesandswitchingspeedsretypically muchhigherin SiC. High
breakdavn field andthewide enegy bandgapallows SiC Schottly diodesto operatewith these
improved characteristicf25].

Hybrid Schottky/p-n rectifier structurescombinep-n juction reverseblocking capability
with low Schottlky forward turn-on, and thesedevices are extremely useful for application-

optimizedSiC rectifiers[35, 36].
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Threeterminalpower switches(MISFETSs,IGBTs andthyristors)thatusesmall drive sig-
nalsto control large voltagesand currentsare alsocritical building blocks of high-paver con-
versioncircuits. Silicon carbidesolid stateswitchesaresimilarin structureto Si switches.They
aredesignedo maximizepower densityvia vertical currentflow usingthe substrateasone of
the device terminals. Operatingcurrentis presentlylimited by deficienciesn materialqual-
ity. Nontraditionalpower switchingtopologieshave alsobeenproposedo reducethe effectsof
oxide and othermaterialdeficiencieswvhile maintainingnormally-of insulatedgate operation.
For example lateralandverticaldoped-channgdower MOSFETsandJFETscanbecompletely

depletedoy built-in potentialat zerogatebias[32].

RF and microwave electronics

Basedontheelectronicandthermalpropertiesseveral SiC polytypesshouldperformbetter
thanthesemiconductorsurrentlyusedfor high-frequeng andmicrowave electronicdevices.

Thereis interestin SiC devicesfor applicationssuchasmicrowvave powver amplifiersthat
canbeusedin phased-arrayadars basestationtransmitterdor mobile communicationshigh-
frequeny andbroadbandradartransmittersand otherapplicationg37]. RF and microwave
devices that can be fabricatedfrom SiC include metal-semiconductofield-effect transistors
(MESFETS),staticinductiontransistorgSITs), bipolar junction transistordBJTS), heterojuc-
tion bipolartransistor{HBTs) andimpactavalancheransit-time(IMPATT) diodes.

Silicon carbideRF devicesareusedfor high-frequeng solid statehigh-paver application
at frquenciesfrom around600 MHz (UHF band)to about10 GHz (X-band). High breakdevn
voltageand high thermalconductvity coupledwith high carrier saturationvelocity allow SiC
RF transistorgo handlemuch higher power densitiesthantheir Si or GaAs counterparts.RF

operatiomathigherdrainbiasis madepossibleby thehigh breakdevn field of SiC,andthisleads
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to high SiC MESFETsoutput power densities. High thermalconductvity minimizeschannel
self-heatingso that phononscatteringdoesnot seriouslydegradechannelcarrier velocity and
current[39].

Silicon carbideis anideal semiconductofor the fabricationof high power microwave de-
vicesoperatingin the 1 - 10 GHz range[38, 39]. ShortchannelMESFETshave beenoperated
with an f; of 22 GHz andan f,,,., of 50 GHz,andstaticinductiontransistor(SITs)have reached

power levelsof 470W (1.36W/mm) at600MHz and38 W (1.2 W/mm) at 3 GHz[39].

Optoelectronicsand sensors

Wide bandgap semiconductotike SiC canbe usedto realizeshort-wavelengthblue and
ultraviolet optoelectronics6H-SiC blue p-n juction light emitting diodes(LEDs) werethefirst
commerciallyavailable SiC devices,andthey werethe first massproducedLEDs to cover the
blue wavelengthrange(250- 280 nm). They werenot efficient diodes(efficiency < 1%) since
SiC is anindirectbandgap material(i.e., the positionsof the conductionbandminimum and
valencebandmaximumdo not coincidein crystalmomentunspace)jn which casefransistion
from thevalencebandmaximumto conductiorbandminimumis phononassistedDespitetheir
inefficiency, they werecommerciallysuccessfufrom 1989to 1995([25]. SiC blue LEDs have
now beenreplaceby the brighterandmoreefficient directbandgap GaN LEDs.

SiC hasprovedto bemuchmoreefficientatabsorbinghort-wavelengthlight, which allows
the fabricationof UV-sensitve photodiodeghat sene as excellentflame sensordor turbine-
enginecomhustionmonitoringandcontrol. 6H-SiC hasbeenusedto fabricatediodeswith low
dark current,aswell assensorghatare not sensitve to the nearinfraredwavelengthsthat are

producedoy heatandsolarradiation[25].

17



The high temperaturecapabilitiesof SiC allow the fabricationof catalyticmetal-SiCand
metal-insulatoiSiC (MIS) prototypegassensorghatshaov greatpromiseascomhustionengine
emissionmonitors[40, 41]. Thesestructuresenablerapid detectionof changesn hydrogen
andhydrocarboncontentto sensitvities of partsper million. The sensorsare smallenoughto
be placeanywherein an engine. Whenfully developed,thesesensorscould assistin active
comhustioncontrolto reduceharmful pollution emissiongrom automobileandaircraftengines.

[42].
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CHAPTER 2

METAL-SEMICONDUCTOR CONTACTS AND DIFFUSION BARRIERS

2.1 Metal-SemiconductorContacts

2.1.1 GeneralInformation

The metal-semiconductdiMS) contactis a crucial partof all solid-statedevices. An ideal
MS contactcan eitherbe rectifying (Schottky) or non-rectifying(ohmic). High quality ohmic
contactsarenecessaryo connectsemiconductodevicesto externalcircuit, andstableSchotthy
contactsareessentiafor switchingor provide rectification,eitherasa standalonedevice or as
partof morecomple circuits[43].

An idealMS contactshould,on anatomicscale be anintimatecontactbetweermetaland
semiconductowith no layer of ary type betweenthem. Thereshouldbe no interdiffusion be-
tweenthemand no adsorbedmpurities or surfacechagesat the MS interface. However, in
practical contacts,ideal conditionsare seldomachieszed and MS devices operatebelow theo-
retical predictions. Non-idealitiesin modern-daystructuresprimarily affect the barrier height
characterizinghe contact[44]. Controllingthe surfaceparametershataffect the Schottk bar
rier heightguidesthe developmentof ohmic andrectifying contactsn semiconductingystems
[45].

Ideally, i