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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



Figure 1.2: (a) basicstructuralunit of SiC, (b) 3C-SiC stackingsequence(c) 4H-SiC stack-
ing sequenceand (d) 6H-SiC stackingsequence.The Jagodzinski(kkk, khkh, kkhkkh) and
ABCA'B'C’ notationsarealsoshowvn [24].
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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
Thesheethagedensity , of themobilecarriersatary point, x, alongthechannels controlled

by the potentialdifferencebetweerthe gateandthe channel.

s=CV —V()-V (1.1)

V = thresholdvoltage,V = voltagedifferencebetweenthe gateandthe source,V( ) =

channeloltagewith respecto thesourceandC = gatecapacitancg@erunitarea( /d ). The
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Figurel.3: BasicFET structure[29]

draincurrent depend®n , andthedrain-to-sourcevoltagelV’  becausé/( ) varieswith
andtendsto reduce .

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
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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 MESFETSsto around 00°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 > 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].

V2

V is thebreakdavn voltage,E is the semiconductocritical field, u is the carriermobility,
and ; is thesemiconductopermittivity. 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
withan of 22GHzandan ,, of 50GHz,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].
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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, it shouldbe possibleto predictthe behaior of a metalon a semiconductoif the
work function of bothareknown. But contactperformanceasrelatedto surfacepropertiesn
SiC for example,is poorly understoodandmostof the metal-SiCbehaior cannotbe predicted

[45].
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Figure2.1:1-V Characteristicef ohnmicandschottky contact

Schottky contactsarecharacterizethy asymmetriccurrent-wltage(l-V) curve asshovnin
figure 2.1, similar to a p-n junction. An ohmic contactmay be considereda limiting caseof
Schottly contactin which Schottky characteristickave beencorvertedto ohmiccharacteristics
after certainprocessingsteps. However, someMS contactsmay be ohmic as preparedf the
barrierheightatthe MS interfaceis low enough.In thesecasesasymmetrid-V characteristics

doesnotoccur[46].

Schottky-Mott and Bardeenlimit for barrier height

The Schottky modelfor ideal,intimateMS contactds basedn enegy level diagramd45]
asillustratedin figure2.2. ¢  is themetalwork function. The semiconductowork functionis
¢ = (E —Ep)F whereFB means'flat band” conditions- i.e. no bandbending
at the MS interface. The electronaffinity of the semiconductoat the semiconductosurface

is =E —-E)s, . Theenepy differencebetweerthe conductionenegy (E )
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Figure2.2: Enegy level diagramof metalandsemiconductor

n-type p-type
semiconductor semiconductor
¢m > s Rectifying Ohmic
¢m < s Ohmic Rectifying

Table2.1: IdealMS contanctdependencen work functions

andthe Fermienegy level at flat bandis the othertermaddedto electronaffinity to obtainthe
semiconductowork functionexpression.The semiconductocanben-typeor p-typedepending
on the dopant. The enegy level diagramsof metal-semiconductatombination(n-type and p-
type)areshown in figure 2.3with differentmetalandsemiconductowork functions.
Thebarrierto reversecurrentflow which is not affectedby the appliedpotentialis defined
asthebarrierheightfor the metal-semiconductgrair [43]. It mayalsobedefinedastheenepy
differencebetweenthe Fermilevel in the metalandthe bottomof the conductionbandin the

semiconductoattheinterface[45].
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Figure 2.3: Enegy level diagramfor metal-semiconductofn-type) contact. For ¢, > ¢s:
(a) justin contact,(b) in equilibriumwith built-in potentialV}, (e) forward biasedwith Vg, (f)
reversebiasedwith V.. For ¢, < ¢s: (C) justin contactand(d) atequilibrium[43, 44]
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Figure2.4: Enegy level diagramfor metal-semiconductqp-type)contact. For ¢,, > ¢s: ()
justin contactand(b) in equilibrium. For ¢,,, < ¢s: (C) justin contact,(d) at equilibriumwith
built-in potentialV}, (e) forwardbiasedwith Vg, (f) reversebiasedwith V.. [43, 44]
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For the ideal MS contactillustratedin figures2.3 and 2.4, we have chosenthe flat band
conditionandassumedao electricfield exists within the semiconductor This implies thatthe
semiconductoterminatesat the surface without distortion of the electronenepy levels and
that no surfacestatesexist. For the caseof an n-type semiconductom which the metalwork
functionis greatetthansemiconductowork function,(¢,, > ¢s), andtakingvacuumlevel to be
the samein the metaland semiconductqrelectronsflow from the semiconductoto the metal,
leaving positive donorions, andaccumulatingat the surfaceof the metal. The resultingdipole
electricfield opposedurtherelectronflow, andin equilibrium,the Fremilevelsin themetaland
semiconductoareequal,

Er = Ep . If thesemiconductors uniformly doped,the chage densityis uniform in the
depletionlayerandtheelectricfield islinearwith distance Thebarrierenegy of the Schottky
barrier contactis ¢ = ¢,, — 5. This descrptionis referredto asthe Schottky limit, and
¢ is directly proportionalto ¢,,,. ¢ is thebarrierenegy thatelectronsgoing from metalto
semiconductoencounterwhile electrongyoingfrom semiconductoto metalencountebuilt-in
potentialenegy V; determineddy the bandbendingin the semiconductoat equilibrium. The
factthatV; is biasdependenand¢ is notis thereasorfor theasymmetrid-V characteristics
of Schottky diodes.

The Schottly modelpredictsthatit is possibleto obtaina rectifying contactor an ohmic
contactby simply choosinga metalwith the appropriatevork function. This is not alwaystrue
however, especiallyfor diodesfabricatedon Ill-V semiconductors.Recentevidencefor SiC
suggestshatSiC approximatesSchottky behaior [45].

MS contactsaareneverideal,andBardeer{47] proposedhatif surfacestateexistattheMS
interfacein suficient number ¢ would be independenbn ¢,,. Surfacestatesare electronic

states(e.g., danglingbonds)localized at the semiconductosurfacedue to the terminationof
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bulk periodicity Considera neutralsemiconductosurface,with saya neutralenegy level ¢
measuredelative to the valenceband. If the statesarefilled to anenepy greaterthan¢ , the
surfacepossessesnetnegative chage,andthe statesareacceptoilik e in behaior. If the states
arefilled to alevel belov ¢ , the surfacehasa net positive chage, andthe statesbehae in a
donokrlike mannef45].

Assumea very thin (~ 1nm)insulatinglayer separatethe metalandsemiconductqrsuch
thatelectronscanflow thoughit with little or no restriction. This layer still supporta potential
differenceandif the numberof surfacestateis large,the Fermilevel at the surfaceof the semi-
conductowill be¢ . Theenegy differencep,, — ¢ for theSchottly modelwill appeaentirely
acrossthe thin interfacial layer, sincethe chagesin surfacestateswill fully accomodateéhe
necessarypotentialdifference.Thus,thesestatescontribute someof the electronsandpositive
spacechage neededo bring the structureto equilibrium. The heightandwidth of the barrier
shrink substantially{48]. Hence,¢ isindependentf ¢,,, andEr = Er atthesurfaceof
the semiconductorThe barrierheightfor Bardeencontactis ¢ = E; — ¢ . The Fermilevel
is "pinned” by the surfacestatesat ¢ above the valenceband. This is knowvn asBardeenimit.
The Fermilevel is found experimentallyto be "pinned” at ¢ %Eg which impiesthe barrier
heighty shouldbetypically closeto %Eg. Mostcommonsemiconductor§Si, Ge,GaAs,GaP)
have enoughsurfacestatego pin the Fermilevel at about%Eg. Surfacestatesareoftenseenas
apronouncegeakin thedensityof stateglot atanenegy E %Eg [48].

In practice thevalueof thebarrierheight¢ will be somavherebetweerthe Schottky and
Bardeenrlimits [45]. A generalrelationshipthatcombineshoththe surfacestatesandworkfun-

tion wasfirst givenby Cowley andSze[49] as

o = (Qbm - s) (1 - )(Eg —¢ ) (2.1)



Figure2.5: Nonidealenepy level diagramunderforwardbiasVr [45]

For acasewhereno electricfield insidethe semiconductofi.e., the flat bandcondition)

= 2.2)

where is the permittivity of the interfaciallayer, is the thickness.  is the surfacestate
densityperunit enegy perunit area.
s 1 Schotthky limit
s 1 Bardeerimit
A typical diagramfor a non-idealMS interfaceunderforward bias V¢ is shavn in figure 2.5.

An insulatinglayer of thickness exist betweernthe metalandsemiconductoandthe interface

statesarefilled to ¢ .
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Figure2.6: Imageforce.

Image Force Lowering

The practicalbarrierenepgy in a Schottky diodeis slightly smallerthan expected. One
likely reasonis attributedto imageforce lowering which occurswhenan electronoutsidethe
metal inducesvirtual positve imagechage in the metal becauseof the requirementhat the
electricfield be perpendiculato the interface. The coulombattractve force on the electron

towardsthe metalsurfacedueto its virtual positive chageis

—— (2.3)

The electrostaticenegy associatedvith this imageforceis determinedoy the work theimage

forcedoesastheelectronmovesfrom pointx to

E= ()d =- (2.4)

16
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s iIsthehighfrequeng permittiity of thesemiconductoratherthanstaticpermittivity because
thethermalvelocity of the electronasit approachethe surfaceis quite high (~ 103ms1) [50],
andthesemiconductomightnotbefully polarizedn theshorttimetheelectricfield is produced.
Theimagepotentialenegy hasto beaddedo the potentialenegy dueto the Schottky barrieras

shawvnin figure2.7.

2 (2.5)

Sincethe image potentialis only importantnearthe surface,andthe Schottky barrierfield is
constantnearthe surface, the maximum potentialenegy occursat a position ,, wherethe
resultantelectricfield vanishes thatis, wheretheimageforcefield is equalandoppositeto the

depletionregion field.

- i = (2.6)

Theamountof barrierloweringcanbedeterminedy finding the extremum,

—— =0 a S

sm (2.7)

The effect of the imageforce is to lower the barrierthat the electronhasto overcomein
passingfrom the metalinto the semiconductoby the amount ¢, . For this contribution to

the barrierenegy to be presenttheremustbe electronsin the conductionbandnearthe top
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Figure2.7: Effect of imageforceloweringonthebarrierheight.

of the barrier This requirementdoesnot affect othercontributionsto ¢  from work function
difference surfacestatechage,etc.[48, 50].

Holescanbeattractedo the metalby imageforceaswell. Hole enegy is measurediowvn-
wardfrom thetop of thevalenceband,sothatthe effect of theimageforceis to bendthevalence

bandupward nearthe metalsurface.

2.1.2 Metal-SiC Contacts

Ohmic contactsto SiC

An ohmic contactto a semiconductois usually producedby heavily dopingthe surface
region of the semiconductormmediatelyunderthe contact. It is known that, to first order the
equilibrium barrierheightis not affectedby anincreasan semiconductodoping, but thatthe

depletionwidth decreasesvith increaseddoping. Reducingthe depletionwidth increaseshe
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Figure2.8: Effect of dopingconcentratioron the barrierwidth. (a) low (b) moderate and (c)
high doping[44].

carriertunnelingprobability andcontactresistances generallyobseredto dropwith increased
dopingasdepictedn figure2.8.

Whenthe semiconductodopingexceeds~ 10! ¢m ™2 (moderatedopingregime), signifi-
canttunnelingcantake placethroughthethin upperportionof thebarrier For dopingexceeding
~ 109m =2 (high dopingregime), the entirebarrierbecomesonarrov thatlow enegy major
ity carrierscantunnelthe barrier;thatis, the barrierbecomesffectively transparento carrier
flow [44]. The specificcontactresistance is the parametethat characterizeehmic contact.
This parametedepend®n the dopingconcentratiorof the semiconductqgithe characteristicsf
the semiconductosurface(e.g.,epilayeror implant/actvation) andthe high temperaturenneal

conditionsfor forming the ohmiccontact.
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n-typea-SiC
Ohmiccontacton n-typea-SiC (4H and6H) have beenstudiedover the lasttwo decades.

The quality of SiC, both bulk and epitaxial, hasimproved steadilyover the sameperiod. The

availability of heavily dopedn-type materialhasimproved alsobecausef betterunderstand
ing of dopingprocesses bothimplant/activation anddopingduring epitaxialgrowth. Specific
contactresistanceof the orderof 10760 ¢m? are commonfor doping concentratiorof about
10em=3. Much of the contactwork was previously donefor 6H-SiC, but recentlythe focus
hasshiftedto 4H-SiCbecaus®f its superiormobility characteristic§46].

Metal silicide formationhasbeenthe mostdominantmechanisnior ohmic contactforma-
tion, on either4H- or 6H-SiC polytypes.Resultshave shovn thatthe specificcontactresistance
increasesvith increasingharrierheight,but decreaseasthedopingconcentratiorncreaseskor
hearily dopedmaterials,the specificcontactresistancavas predictedto increasedramatically
Nickel silicide ohmiccontacformedduringthehightemperaturé~ 900°C) annealingdf nickel
depositedon SiC is the mostwidely usedcontacton n-type SiC [51, 52, 4, 53, 54]. Reported
specificcontactresistancevary from betweenl x 1076 and1 x 1072Q c¢m?2. With properpro-
cessingnickel makesa relatively goodohmic contacton moderatelydoped(~ 10! em~=3) SiC
[46].

Thefirst ohmiccontactfabricatetbn 6H-SiCwasdepositedhickel whichwassubsequently
annealedat high temperaturedy Palmout et al [55]. Nickel ohmic contactson 6H-SiC have
beencharacterize@lectricallyandphysically by Croftonetal [5]. Specificcontactresistances
< 5x107%Q em? weremeasuredollowing 2 minuteanneal®f thesamplesn vacuumat950°C.
Nickel layersweredepositedn epilayerswith dopingconcentrationbetweery —9x 10! em 3.

Rutherfordbackscatteringpectroscop and Auger electronspectroscop have shavn that the
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high temperatureannealleadsto the reactionof Ni with SiC forming nickel silicide. Nickel

silicide formation hasalso beenobsered by Liu, et al [6]. During the formation of nickel

silicide, carbonis setfree at the interface and migratestowardsthe surface of silicide layer.

Apartfrom theformationof nickel silicide, othermechanismsuchasvacang formationmight
alsocontrituteto forming the ohmic contact.As-sputterediickel silicide on SiC epilayersdoes
not form an ohmic contact.Ohmic contactsesultonly from the reactionof Ni andSiC at high

temperatureLiu, etal [6] includedchromiumin thecontactayer, for exampleNi/W/Cr, in order
to improve contactstability while retainingthe low specificcontactresistancef purenickel. It

wassuggestethatchromiumreactswith thecarbonliberatedby thereactionof nickel with SiC.

StableCrsC2 and Ni,S¢ compoundsarethe productof this coupledreaction. The choiceof

metalfor the formationof a silicide contactto n-type SiC is not limited to Ni. Metalssuchas
Co, Hf, andTa canalsoform silicideson SiC with physicalandelectricalpropertiessimilar to

nickel silicide contact{46]. Binary alloys andmultilayercontactshave alsobeeninvesticatedas
possibleohmiccontactto n-typeSiC. Table2.2 shavs a list of ohmiccontactgor n-typea-SiC

andsometypical valuesof the specificcontactresistance.

TiN reportedoy Glass.etal [56, 57] andTiW reportedby Crofton,etal [54] areamongthe
specialcasesof ohmic contactwherex-ray photoelectrorspectroscop (XPS) hasshavn thata
thin insulatinglayer(0.5- 1.5nm)of silicon nitride atthe MS interfaceformedametal-insulator
semiconductofMIS) structureand promotedohmic behaior. TiN hasa low work function
which is favorablefor an ohmic contacton n-type material. Ohmic behaior wasnot obsered

withoutthe formationof athin Si-N layer[58].
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SiCcarrier Annealing Methodof r
Metallization conc.em3) condition r (Qem?) measurement Ref.
Ni 5 x 10! 1000°C, 20s 1.7x10% TLM [53]
Ni 7 x 10! 950°C, 5mins mid 102 4-pt.probe  [54]
Ni 7.9 x 10! 95C°C, 2mins <5x107% TLM [5]
Ni 9.8 x 10! 105C°C,5mins 1073 —10"% TLM [58]
Ni .5 x 1020 1000°C,5mins 1 x 107 Cont.area  [4]
Ni 3.2 x 10! 1000-1200C 1.3x107°— TLM [87]
andl. x 10' 1min 3.6 x 1076
Ni 2 x 10! — 950-1000C x1074—=  TLM [88]
2 x 10" ~ 1076
Mo 2 x 10! — 950-1000C x 1074 TLM [88]
2 x 10" ~107°
Ni-Cr 7 x 10t 950°C, 5min 1.8 x 1073— circular [54]
(60-40W1t%) TLM
Ti 2 x 10" — as-deposited 1x1072—  circular [89]
1 x 1020 <2x107° TLM
W 3 x 10" — 1200-1600C 5x1073—  4-ptprobe  [90]
1x 10 1x10*
Tiw 7 x 10! 60C°C, 5min 7.8 x 107  circular [54]
TLM
Mo >1x 109 as-deposited ~1x107%* 4-ptprobe  [92]
TLM
Ta >1x 10" as-deposited ~1x10"%* 4-ptprobe  [92]
TLM
Ni, Ni/W 100 — 10! 1000-1050C 1073 —-10"¢ TLM [93]
Ni/Ti/W 5-10min
Cr/w 10" —10! 1000-1050C 1072 -10"% TLM [93]
Cr/Mo/W 5-10min
TiC x 1019 etchedat1300°C 1.3 x 1075  TLM [94]

for 15minsin o

Table2.2: Someohmiccontactonn-typea-SiC. Thelayersin multi-layeredcontactsareseper
atedwith slasheslayersatthe surfaceto theinterfacewith SiC proceedrom right to left
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p-typea-SiC

It is moredifficult to form ohmic contactsto p-type SiC by simply reducingthe Schotthky
barrier heightbecausef the large band@p and large work function of SiC. Aluminum (pure
andalloy) is corvetionally usedto createohmic contactson p-typematerial[58]. Thelow melt-
ing pointandrapidoxidationcharacteristicef aluminummakesprocessinghe contactifficult.
The melting point canbeincreasedy usingaluminumalloys, andthe mostwidely usedalloys
areAl-Ti of differentcompositions.The thermodynamidriving force for aluminumoxidation
is very high, andthis placesrestrictionson using aluminum-basedontacts[7, 60]. Another
difficulty is the factthataluminumis very volatile at moderateannealingemperatureWork re-
portedby Crofton,etal [9] have shavn that90/10wt% Al/Ti alloy layerannealect1000°C can
loosealuminumto theannealingervironment thusincreasinghe metalsheetresistanceignifi-
cantly Usingaluminum-basedlloys canplacestrictrequirementso processingandpassvating
contacts.

As shawn in table 2.3, the earliestreportedohmic contactsto p-type SiC containeither
aluminumor boron[59] andwereannealedt very high temperatures- 1700°C. An enhanced
p-type concentratiorat the SiC surface,probablydueto recrystallizationfrom solution rather
thanaluminumdiffusioninto the SiC, wasobsened.

Ohmic contacton p-type SiC arenow achieved primarily by reducingthe depletionwidth
via high dopingconcentratiomatherthanby reductionof the Schottky barrierheight. Tunneling
currentdominateghe electrontransportfor highly dopedSiC, andtheresultingspecificcontact

resistancevariesaccordingto therelation[61, 62

(2.8)

=|®
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SiC carrier Annealing Methodof r

Metallization conc.gm=3) condition r (Qem?) measurement Ref.

Al 1.8 x 101 700°C, 10min 1.7x 103 TLM [54]

Al 8 x 10! 800°C, 10min 1072 -10"% TLM [58]

Al-Si NR 1700C NR - [59]

Al-Si NR 900-1000C NR - [95]

Al-Ti 5 x 1015- 1000°C, 5min 2.9 x 1072-  Circular [96]

2 x 1019 1.5x1075  TLM

Si-B NR 1700-2000C NR - [59]

Ta >1x 10" as-deposited 7x 1074 TLM [92]
4-pt probe

Ti >1x 10" as-deposited 3x 10 TLM [92]
4-pt probe

Mo >1x 109 as-deposited 2 x 1074 TLM [92]
4-ptprobe

AllTi Al implant 500°C, 20min 56 x107%  4-ptprobe  [97]

dose:1 x 10 (165C°C, 30min)

Al/TIi/AI 9 x 1020 600-800C 1-2x107% TLM [98]

w NR 1900C NR - [59]

Al/W/Au- NR 1900°C, 120s 2-5x10"* 4-ptprobe  [90]

WIW

Table2.3: Someohmiccontacton p-typea-SiC. Thelayersin multi-layeredcontactsareseper
atedwith slasheslayersatthe surfaceto theinterfacewith SiC proceedrom right to left
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r isthespecificcontactresistancep is theschottly barrierheight,N is the carrierconcentra-
tion.

It maybepossibleto reduceor elliminatethe needfor annealingcontactdo eithern-typeor
p-typeSiCif thesurfacecanbe dopedheaily enough.As depositedMo, Ta,andTi contactson
p+ SiC epitaxiallayersgrown by chemicalvapordeposition(CVD) have beenreportedto yield
ohmiccontactd63]. Specificcontactresistancemeasuredy Kuphal's 4-pointmethodwereof
the orderof 10740 ¢m?, thoughthe methoddoesnot accountfor nonuniformcurrentdensities.

To reducethe Schottky barrierheighton a p-typematerial,metalswith high work function
must be used,thoughempirical evidenceshaws that the Schottly barrier height hasa weak
dependenc®n metal work function becauseof partial pinning of the Fermilevel. Platinum
(highwork function(5.65eV),highmeltingpointandhigh resistancéo oxidation)hasdisplayed
ohmicbehaior bothasdepositecandaftercontactannealsat 850°C [58].

Work on Al-Ti contactg9] including surfacestudiesof etchedAl-Ti contactlayershave
shavn mary pits of significantsizeanddensityat the contactsurface,suggestinghataluminum
diffusion may not actually be doping SiC surface,but may insteadhave resultedin enhanced
field emissionbecauseof the creationof mary hemisphericaintrusionsinto the SiC surface
similarto thoseobsenedby Braslau[10] for Au-Gecontactson GaAs.

Specificcontactresistanceaslow as x 10760 ¢m? have beenreportedfor a p-doping
concentratiorof 2 x 10%em =3 in 6H-SiC[64] for nonaluminum-bas&ontact. Doublelayers
(260nmof siliconon 50nmof cobalt)wereannealect500°C for 5 hoursfollowedby 900°C for
2 hours. Cobaltsilicide wasformed,andthe absencef graphitewasobsened at the interface
by RBS.Theauthorsusedsilicon to preventtheformationof a carbonrich phasesinceresidual

carbonhasbeenreportedasthe causeof high contactresistance.
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n-types-SiC

Nickel contactsaannealedetweerf00 — 1250°C arecommonlyusedfor 5-SiC[65, 66,67,
68]. Au-Ta, Cr, TaSh andAl aresomeof the metalsthat have beenusedfor ohmic contactto
n-types-SiC [66].

Steckland Su [67] have usedas-depositeénd annealechickel for rectifying and ohmic
contact,respectiely, on the samedevice. Daimon,et al [65] reportedthatannealedhickel and
as-depositedluminumformedohmic contactson n-type 5-SiC (100) with low carrierconcen-
trations(5 x 106 — 1 x 10! em™3). High specificcontactresistancdor both contactswere
attributedto thelow dopingconcentrations.

Table 2.4 shavs a numberof ohmic contactmetallizationschemes.Most of the contacts
were annealedat temperaturesbove 800°C. Thereis no simpleformular for creatingohmic
contacton 8-SiC. Ohmic contactformationmay be dueto silicide formation,asin the caseof
Ni, or bothsilicide andcarbideformation(Cr, Ta, W, Ti, Mo), or neithersilicide nor carbideas
for Au andAg [69]. Mary of the studiesreportedthe specificcontactresistanceas shavn in
table2.4.

Multilevel metallizationschemesvereinvestigatedby Shor, etal [70] basedon Ti andW
for hightemperatur¢650- 750°C) applications Electronicandoptoelectroniextendedopera-
tion at high temperatureeedsucha multilevel metallizationscheme Multilevel contactmetal-
lization addressesoncernsik e reactvity, oxidationanddiffusivity within the metallizationand
with the SiC itself. ThemostpromisingmetallizationschemeaeportedvasAu/Pt/TiN/Ti, which
remainedohmicfor 31 hoursat 650°C andthenbecamerectifying. TiN layerwasbelievedto

actasadiffusionbarrier
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SiCcarrier  Annealing Methodof
Metallization conc.¢m™=3) condition r (Qem?) measurement Ref.
Al 5 x 106 as-dep 1.6 x 107! 3-cont. [66]
Ni 5 x 1016 1250°C, 5 min 1. x107! 3-cont. [66]
Cr 5 x 1016 1250°C, 5 min 7.0 x 1072 3-cont. [66]
Ti 101 —10'  300°C,30-90min 7.6 — 9.2 x 103  4-point [99]
W 10! —10' as-dep 1.5 x 1072 4-point [99]
600°C, 10min
Ta 5 x 1019 as-dep 7x 107 — circularTLM  [100]
1000°C, 1hr 3x 1076
Re 5 x 1019 as-dep- 1x1074— circularTLM  [100]
900°C, 30min 1x107°
Pt 5 x 1019 as-dep- 6 x 1076— circularTLM  [100]
500°C, 30min 1x107°
Au/Pt/Ti 106 — 101  65C°C, 1hr 1.1x 1074 4-ptprobe [70]
Au/Pt/W 106 — 10!  650C°C, 8hr 2 x 1074 4-ptprobe [70]
Au/Pt/- 10 —10'  650C°C,31hr 1. x10™* 4-ptprobe [70]
TiN/Ti
PY/TIW/Ti 106 — 101  65C°C, 3hr 2.6 x 1074 4-ptprobe [70]
aSis 5 x 1016 850°C', 5 min 2 x 1072 3-cont. [66]
iSis 100 —10'  1000°C, 10s+ 1.1x 1074 4-point [99]
50°C, 390min
Sia 10 —10'  1000°C, 10s+ 3.9x 1074 4-point [99]
50°C, 390min

Table2.4: Someohmiccontactn n-types-SiC. Thelayersin multi-layeredcontactsareseper
atedwith slasheslayersatthe surfaceto theinterfacewith SiC proceedrom right to left
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SiCcarrier  Annealing Methodof r

Metallization conc.¢m™3) condition r (2em?)  measurement Ref.

Al 1 x 1016 880°C,3min  3.1x 102 3-cont. [66]

Ni 10! —10'  as-dep .1x1072- 3-cont. [68]
700°C, 15min 2.8 x 1072

Au-Ta-Al 1 x 106 1200°C, 30min .7 x 10~'  3-cont. [66]

(91:2:7at%)

TaSh/Al 1 x 106 1200°C, 30min 2.0 x 10! 3-cont. [66]

Table2.5: Someohmiccontactn p-types-SiC. Thelayersin multi-layeredcontactsareseper
atedwith slasheslayersatthe surfaceto theinterfacewith SiC proceedrom right to left

p-types-SiC

Therearefew reportedstudieson ohmic contactsto p-type 3-SiC. Someof the contacts
in literaturearelistedin table2.5. Specificcontactresistanceseportedfor aluminumcontact
or aluminumalloy contactarehigh[58]. The high annealingemperatureloesnot seemto help
thecontactcharacteristicsignificantly probablybecausef thehigh driving forcefor aluminum
oxidation,causingaluminumto diffuseaway from theinterfaceandreactwith oxygen.

Variableandsometimesonflicting resultsfor contactson 5-SiC may be attributedto [58]
(1) differencesn crystalquality of 5-SiC layerdueto defectdensitieghataremuchhigherthan

in a-SiC polytypesand(2) differencesn the stateof the surfaceprior to metaldeposition.

Schottkty contactsto SiC

Schottky contactonbothn- andp-typeSiC arereportedn theliteraturefor differentcontact
metals. The first Schottly contacton 6H-SiC were madeby fusing small pelletsof Si-Al and
Si-B alloys to single crystal SiC at 1700°C and > 2000°C, respectiely [59]. Thesediodes

shaved sharpbreakdavn at voltages~ 50V and high reversecurrentprior to breakdavn. A
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forward currentof 0.5A at 4.5V is typical of thesediodes[43]. After this pioneeringwork,
a lot of 6H-schottly barrier diodeshave beenfabricated. Mead and Spitzer[71] and Mead
[72] hadearly reportsof barrierheightstudieson 6H-SiC Schottky contacts.Al and Au were
usedasmetalcontactson n-type SiC. They found that Schottly barrierheight,determinedoy
capacitance-altagetechniquewasalmostindependentf the work function of the metalsused
for the contact.Hagen[73] drew similar conclusionfor Au, Ag andAl contacton both p- and
n-typesampleof cleavedandetched6H- and15R-polytypes.

Schottky diodeson 5-SiC werefirst reportedoy Yoshidaetal [74] on epitaxiallygrown n-
typelayerswith Au metalcontact.Barrierheightsin therangeof 1.11- 1.15eVweredetermined
by C-V and photoelectrortechniques.Waldrop and Grant[75] investicatedthe effect of the
choiceof metalon 3C-SiC Schottlky barriercharacteristicsMetalssuchasPd, Au Co, Ti, Ag,
Th, and Al wereconsideredbut only Pd, Au and Co formed schottk contacts.The interface
chemistryandthe Schottly barrierheightwerestudiedusingx-ray photoelectrorspectroscop
(XPS),I-V andC-V technigues.

Sheng, etal [76] have alsoreportedPt-Schottly barrierdiodeson ~/ + 3C-SiCgrown
on *-SisubstratesThediodeshadlow specific-orresistancé6.1 x 10~4Q em?) anda break-
down voltageof about85V for a0. um thick drift layer. Schottky barrierheightsof about0.85V
with anideality factorof 1.25wereobtained.

High-voltageSchottky barrierdiodeson 4H-SiC werefirst reportedby Itoh etal [77, 78].
The contactmetalsusedinclude Au, Ni andTi. |-V andC-V techniquesvere usedfor barrier
heightdeterminationThey reportedbarrierheightdependencenwork functionbecaussurface
"pinning” of theFermilevel did notoccur Theroomtemperaturéreakdevn voltagewasaround

800V, anda currentdensityof 1004 crn—2 wasobtainedfor forwardbiasof 1.67V.
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The breakdavn voltageof Ti/4H-SiC diodesincreasedo 1100V whena highly resistie
layer is formed at the peripheryof the contact,servingas edgetermination[79]. The edge
terminationwasformedby boronion implantationfollowedby high temperaturdeattreatment
to remove damageo thelattice sustainediuringimplantation.

Raghunatharet al [80] have reportedhigh breakdevn voltage (1000V) for Ti/4H-SiC.
Weitzeletal [81] reported1400V breakdevn on 4H-SiCwith anon-resistancef 1.5mQ cm?.
Saxenaand Steckl[82, 83] have alsoreportedNi and Pt Schottky contactson 4H-SiC. Barrier
heightsextractedfrom commontechniquegC-V, |-V, XPS)have generallyindicatedFermilevel
"pinning”.

All nickel contactgohmicandschottky) on 6H-SiC have beenreportedby seseralauthors
[84, 85, 86, 83], andbreakdavn voltagesexceedingl000Vat25and300°C have beenobsened.

Most of the diodesusedanoxidefor surfacepassiationanddevice isolation.

2.2 Diffusion and Oxidation Barriers

2.2.1 Diffusion in Solids

Fick’slaws arethe ealiestmathematicabasisfor macroscopidiffusion. For aninhomoge-
noussinglephasebinaryalloy with diffusioncoeficient( ) of component, theconcentration

gradientin steadystateis definedby Fick’sfirst law as

1=— 1 — Cih =— C1 O (2.9)

where 1 is the flux of atomsof componentl at a given time, C; is the concentratiorand

v is the velocity of massmoving becausef the applicationof forcessuchaselectromigration,

41



thermalor chemicabpotentialgradien{118]. An inhomogenouspecimerbecomefiomogenous
if annealedongenoughandthenetflow of matterwill cease.

The diffusion coeficient is called the self-diffusion coeficient if no external forcesand
chemicalgradientareinvolved. For diffusion undera chemicalgradientwherethe diffusionis
affectedby the motion of all atomicspeciesthe diffusion processs calledinter-diffusionwith
achemicaldiffusioncoeficient.

Under non-steadystateconditionswherethe concentratioris changingwith time, Fick's

secondaw stateghattherateof changeof concentrations equalto the gradientof the flux

=— = ZIC (2.10)

It is generallyassumedhatD is not a function of position. Fick's secondaw is the basisfor
mostof the diffusion measurementand calculationsin solids. It canbe appliedfor different
kindsof samplegeometry[118].

Solving a diffusion equationwith all the possibledriving forcesincludedcanbe a chal-
lenging mathematicaproblem. The simplestmathematicatreatmentassumeshe absenceof
chemicaldriving forces,whichis strictly valid only if thermodynami@qulibriumis established
betweentwo sampleswith differentdiffusion coeficients. Chemicaldriving forcesmay be ab-
sentif the component®f the diffusion coupleareidenticaland hencehave identical diffusion
propertiespr if thetwo componentsf thediffusioncouplearechemicallydifferentbut co-exist
in thermodynami@quilibrium. For example,a metalcanbein equilibriumwith its oxide[119].
The solutionto Fick’s secondaw dependdargely alsoon samplegeometry Several geometry

specificsolutionsaredescribedelow.
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Thin film on bulk sample

Consideraninfinitesimally thin layerof arealdensityM with thicknesdessthanthe diffu-
siondistance( )! ? suchthatit canbe representethy a Dirac deltafunction . Assumingno
surfaceflux or flux throughimperfectionsthe boundaryconditionsin one-dimensiorare

c( O)=M () and 0 —o

Thesolutionto Fick’s secondaw is

o )=—%_ (2.11)

M is thetotal amountof diffusantperunit areat is thediffusiontime andC is theconcentration
atpositionx andtimet. Thisgeometryis widely usedin radioactve tracerwork compatiblewith
adeltafunctiontype of diffusantdistribution andinfinitesimally smallmassthickness.

Most thin film work on bulk layersis conductedwith aninitial thicknessof the sourceof
diffusant(h) thatis greaterthan the diffusion distance( )! 2 whenthe following boundary
conditionsaresatisfied

c( 0)=C if > >0, C( 0)=0 for >

andfor >0, =0,

the solutionis givenby

C( )=— er — —er —— (2.12)

Diffusion couplewith constantsurfacecomposition

For a diffusion couplewith two sampleshaving uniform initial concentration®f C' and

C1, theinitial boundaryconditionsat = 0 canbewittenas
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c( 0)=0C for < 0 and c( 0)=cC for > 0. The
solutionto the diffusionequationis then
c( )-C 1

Cl —C = 5 er ¢ 2—_ . (213)

In thediffusioncouplesolution,if thedifferencebetweenC; andC is largesuchthat

2 thediffusioncoeficientwill vary with compositioralongx. To determinghediffu-

sioncoeficientat known composition Boltzmann-Matan@nalysiss used[118].

Diffusion in structurally inhomogenoussample

Thinfilm diffusionsamplesarealmostnever structurallyhomogenousThatis, defectdike
dislocationsand grain boundariesare always present. Diffusion occursin the lattice through
equilibrium point defectssuchasvacanciesinterstitialatoms,divacanciesetc, but engineering
materialsaremostly polycrystallinein nature andthey containnon-equilibriumdefectssuchas
dislocationsstackingfaultsandgrain boundaries Diffusion alongthesedefectsis greaterthan
in monocrystallinesamples. The diffusive processdn thin films may be largely controlledby
grainboundarydiffusion, especiallyat low temperaturé~ 100°C) [118].

In polycrystallinematerials thereis simultaneousliffusion within the grainandalongthe
grain boundariesandthesetwo diffusion mechanismarecoupled. The easewith which lattice
atomsgo into the grain boundaryor vice-versawill determinethe diffusion kinetic regime that
prevailsin thewholesample Accordingto Harrison[120], threetypesof kinetic regimelabelled
A, B, andC arepossible.

A-Kinetics Extensve lattice diffusion that causeghe diffusion fields from adjoininggrainsto

overlap.
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B-Kinetics Eachboundaryis assumedo beisolatedandthe flux at large distancefrom a grain
boundaryapproachegero.
C-Kinetics Lattice diffusion is considerechgyligible, and significantatomictransportoccurs

only within theboundaries.

Grain boundarydiffusion measurements bulk materialsinvariably involve B-kinetics.
Little evidencehasbeenobtainedfrom profiling experimentson bulk materialshatclearly sup-
porttheexistenceof A- or C-kinetics.In thisrespectthin films arebothuniqueandchallenging
ascandidatedor diffusion studiesbecausehe very high densityof structuraldefectsmalkesit
possibleto obsere ary of the threekinetic regimesgiven the appropriateannealingcondition

[121, 122].

Diffusion in amorphousmaterials

Diffusionin amorphousolidsis acommonphenomenonAccordingto the Stokes-Einstein
equation123], thefrictional forceimpedingthe motion of particlei of radiusr is givenby the
viscosityof theliquid in which it moves. Einsteins diffusioncoeficientis, = / where

is thefriction coeficient. The Einsteinequatiorbecomeshe Stokes-Einsteircoeficientgiven
by = /A r . Thegenerafeelingis thatthis equatiorhasbroadvalidity despitethefact
thatit wasderivedfor a macroscopispheremoving steadilythrougha viscousfluid. However,
thereis nothingin theequatiorto adjustfor theexistenceof measurabléiffusionin glassysolids
or metallicsystemswheretheviscositymay dependn time in someway.

Diffusionin solidscanbestudiedvia experimental statisticalandatomicmechanisnil124].
Oneof thereasongor thepoorunderstandingf masgransporin amorphousolidsis thelack of

aconsistenapproacho the problem.First, properknownledgeof theexperimentatharacteristics
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of diffusionis needed.The next thing is to proposean atomic mechanismand then build its
proper statisticalmechanismsn orderto comparethe experimentaldatato the macroscopic
consequences theatomicbehaior.
Experimentaliffusioncoeficientsarefrequentlyexpressedn termsof a pre-exponent

andtheactivationenegy E

= _E . (2.14)
The temperaturegangeover which this equationis valid is quite narraw, two to threeordersof
magnitudefor the diffusion coeficient at most[125, 126,127]. Determining  preciselycan
alsobe difficult. Inconsistencie®etweernvariousauthorsfor the samealloy point to measure-

menterrorandcastdoubton the statedvaluesof andEk .

2.2.2 Thermodynamicsof Diffusion

Metallizationsin microelectronicsare composecdf mary layersof dis-similar materials,
andthe knowledge of the stability of the interfacesbetweendifferent materialsis important.
The total Gibbsfree enepgy of the system(the two materialsin contactandthe interfacebe-
tweenthem)canbe decreasedby differentprocesseincluding enrichmentof the components
at the interfacewith respectto one or both of the componentr via chemicalreactionof the
componentdollowed by the formation of additionalphaseg129]. The changein Gibbsfree
enepy of the systemcanbe usedas a criteria for possiblereactionproductsthat form at the
interface.The Gibbsfreeenengy is definedfrom the combinationof thefirst andsecondaws of

thermodynamicsln a closedsystenthe Gibssfree enegy is givenby therelation

V- S= - 8§ (2.15)
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whereU, V, H, and S are the internal enegy, volume, enthalfy and entrogy of the system,
respectiely. In anopensystemhowever, the Gibbsfree enegy alsodependsn the numberof

molesof eachof the componentsandthe differentialform of the free enegy equationbecomes

d ( )=-8d  Vdp d (2.16)

where s the chemicalpotentialof componeni. The equilibrium stateof the systemcanbe
investicatedwith the Gibbsfreeenepgy function.

Therearethreestableequilibriumstates:(i) complete(ii) partialand(iii) localthermody-
namicequilibrium[130]. A systemin completeequilibrium hasits Gibbsfree enegy function
minimum,d = 0. Systemsdn equilibrium with respecto only certaincomponentare said
to bein partial equilibrium. For local equilibrium, equilibrium exists only at the interfacesbe-
tweendifferentphasegresentin the system. In thin films systemscompleteequilibrium is
seldomachiered,andthe concepif local equilibriumis thereforeimportant.Local equilibrium
is treatedusingchemicalpotential.

In thetreatmenbf multicomponenbpensystemsthe mostcommonprocessonsideredn
definingthe thermodynamidunctionsfor a solutionis calledthe mixing process.The mixing
procesds the changen stateexperiencedy the systemwhenappropriateamountsof compo-
nentsin their referencestatesaremixedtogetherforming ahomogenousolutionbroughtto the
sametemperatur@ndpressurastheinitial state[131]. The molar Gibbsfree enegy of mixing

or formationcanbe expresseds

- s (2.17)
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Figure2.9: Atomic enegy barrierasa functionof atomicposition[118§].

Themixing processs stronglyinfluencedby forcesbetweeratomsandmoleculey  ,,,). The
fundametaktauseof mixing, however, is entroy ( Si.)-

Diffusionin solidsinvolve atomic exchangewith somekind of lattice imperfection,and
it is usually thermally activated. We will considersomethermodynamidactorsinvolved in
determiningthe diffusioncoeficientsin chemicallyinhomogenousamples.

Theenepgy barrierseenby atomsasa functionof atomicpositionis depictedn figure 2.9.
Eachatomseesthe sameenegy barrierin the absencef a driving force, the probability of a
forward or backward jump is the same,andthereis no net velocity in ary direction. Atoms
make a jump if givenenoughfree enegy ,, to go over the barrierandoccupy an equialent
equilibrium position by an exchangewith defectstate. The probability (W) that an atomwiill

acquireanenegy ., isgivenby[118]

- _m (2.18)
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is theatomicvibrationfrequeng.
However, asuccessfyumpis subjecto theavailability of adefectstatein theadjoiningposition.

Theaverageprobability of finding a defectis
N =  — (2.19)

where isthefreeenegy neededo form thedefectandZ is the coordinatiorfactor

Thefrequeny of successfulumpscanbewritten as

- N = m ) (2.20)

_— (2.21)

wherea is the nearesteighboratomic distanceandf is a correctionfactor(f 1) for non-
randomjump.
Hence,

s W om) -y m (2.22)

and ,, aretheenthalpieof formationandmotion of defectsrespectiely, andS and
Sm arethe correspondingntropies.Thetemperaturelependencef the diffusioncoeficientis
normallywritten as

- B (2.23)
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with

+
2 and = m-

a

O] =

The diffusion of atomsin a solid canoccurvia the movementof interstitial atomsin the
lattice. Latticeatomscanbedisplacednto theinterstitial sites(self-interstitial),andthevacang
left behindis annihilatedat aninterface,surfaceor by anotherinterstitial atom. Self-interstitial
diffusionis of high probability at high temperaturéecausdigherinitiation enepgy is available.
When an interstitial atomis formed and vacang is left behind,the defectis calleda Frenlel
defect. Frenlel defectsdominatein radiationdamagedsolids. Frenlel defectsarevery mobile
andcontributeto masstransport.Interstitialatomsmay alsobeforeignor impurity atomswhich
aregenerallyof smallsize,for example,H, C, O andN. Becausef their sizes,they move into
the interstitial siteseasily andtheir formationemegies(S and ) arenggligible compared
with themotionenegy. Hence thediffusionof foreignorimpurity interstitialsmaybeveryfast.

Diffusionkineticschangedramaticallyin thepresencef non-equilibriumvacanciegndin-
terstitialatoms.Deviationfrom stoichiometryin intermetalliccompondganyield non-equilibrium
vacanciesln non-stoichiometri@alloys, thesizeof thespeciedhatis largerin concentratiomay

dictatewhetherthe diffusionwill beenhanced.

Finite driving forceon atoms

For non-zerodriving force on anindividual atom(linear chemicaldiffusionregime), a net
flux of atomsin a particulardirectionis obsened. A finite massvelocity term s includedin
Fick'sfirst law. Freeenepgiesbetweenadjoiningsitesarenot the same,andthe changein free
enegy betweeradjacensitescanbewrittenas ,, = a
Thenumberof forwardandbackwardjumpsarenotthe same andthe netnumberof jumpscan

bewritten as
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T— 7= (e7 —e") (2.24)

where =1 —

t— - a

s = Z (2.25)
Possibledriving forcesin thin film metallizationgnclude[118]:
Electromigration e, where e is theeffective chage,and istheelectricfield
Thermomigration — — where istheheatof transport.
Chemicalinhomogeniety — - — where is theactiity coeficient.
Stresdield — whereU is theinteractionenegy.

Chemicalkcompositionvariationsgive riseto chemicalpotentialgradientsn non-idealsolid
reactions. The atomicforce over N lattice planesdueto a chemicalpotentialgrdientcanbe
written as

=—( Cy2— C11) for abinarysolutionwith componentd and2. ; and » are
theactiity coeficientsfor non-idealsolution,C; andCs aretheconcentrationerms.Generally
if
10 < — < 1000 over 10 atomicplanes, R !
Thisis referedto asthelinearregimeand
C, =Cp a® / r =—Ff_- the Nernst-Einsteimelation
where ; isthemobility.

Fick'sfirst law without a concentratiorgradientbecomes 1= 1 C1.
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2.2.3 Diffusion Barriers
Intr oduction

It is known that reliable contactand metallizationschemedor microelectronicsequire
thin film diffusion barriers. Thoughatomic diffusion in the solid phaseis a relatively slow
processthedistancegfilm thicknessesaresmall,anddiffusioncanbesignificant,evenatroom
temperaturesn somecases.The ideaof a diffusion barriercameto prominencebecauseAl-
basednetallizationghatarecommonlyusedin VLSI technologyfor contactsaandinterconnects
arehighly reactive with Si. Aluminum mustbekeptaway from Si wheresuchreactionsouldbe
detrimentatto device performance Electromigratiorproblemswith the Al-basedinterconnects
forcedresearchertook for alternative metalsand copperwith lower electricalresistvity and
higherresistancédo electromigrationbecamea candidatg132, 133,134,135]. However, Cuis
very mobile in metalsand semiconductorgven at quite modesttemperaturesCoppercreates
deeptrapsin Si, resultingin seriousdegradationof the device performancendreliability [136,
137,138. Thereforethe needfor a very effective diffusionbarrierlayerbecamegparamount.

Theinitiative of diffusionbarriereffort for VLSI technologyhasbeenextendedto contact
metallizationsfor harshervironmentand high power devices fabricatedwith wide bandgap
materials(SiC, GaN, etc.). Effective barrierswill prevent rapid deteriorationof the contact
propertiesand device performanceas the resultof oxidation and inter-mixing driven by high
temperatur@peration.Reliablelong-termoperationin harshervironmentis the primarygoalof

thiswork.
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Figure2.10: Diffusionbarrierin multi-layerstructure[140]

Definitions

A diffuion barrier material ( ) physically separatesnaterial (A) from material (B) as
shown in figure 2.10. Material B may be an ohmic or Schottly contactor the semiconductqr
while materialA is suitablefor connectiorwith anexternalcircuit.

An idealdiffusionbarriershouldmeetthefollowing conditions[139]

Thetransporiof A across andof B across shouldbesmall

Thelossrateof into A andinto B shouldbesmall

shouldbe stablethermodynamicallyagainstA andB

Thereshouldbestrongadhesiorof  with A andwith B

Thespecificcontactresistancef A on  andB on  shouldbesmall

shouldbelaterallyuniformin thicknessandstructure
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. shouldberesistanto mechanicaindthermalstresses

e shouldbehighly conductve (thermallyandelectrically)

Most of the materialsusedasdiffusionbarriermay not be ableto satisfyall the conditions
listed,andcompromisesisuallyhave to bemade.
Diffusionbarrierscanbelooselyclassifiedn threegroups:
(a) sacrificialbarriers (b) stuffed barriers and(c) amorphoudarriers.
Whentwo materials A andB areseparatetby diffusionbarrier , layer only slowsdown the
eventualmixing of A andB, andthe ultimate stateof equilibriumis not eliminatedby . The
questionthenis, how longcan seneits purposeof separatingh andB?[139]
(a) Sacrificialbarrier
Thelengthof time thata sacrificialbarrierwill beusefulcanbeestimatedThis meanghat
the point of possiblefailure is foreseeable A typical sacrificial barrieris illustratedin figure
2.10. It is essentiako fully characterizéhe compoundformedbetwween - A and - B,
andto know the reactionratesandthe activation enegies. Predictingthe time it will take for
to betotally consumedat a giventemperaturallows the pre-determinatiorof how muchof
is neededor a giventemperature-timeycle to preventits total consumptionlf  is totally
consumedit is assumedhatthe metallizationwill fail catastrophically
Theadwantageof the sacrificialbarrieris its adaptability Many binary metalcombinations
form compoundsso that the choice of materialis wide, even taking into consideratiorother
constraintsvhich areimportantfor the properfunctioningof the barrietr However, compounds
-A and -B formedin theprocessnustbecompatiblewith theconstraints e.qg.,for electrical
contacts, -A and -B mustbe goodconductorsmaintaininggoodthermaland mechanical

propertiesandresistanto corrosionand/oroxidation. The diffusionof A andB in  mustbe
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negligible comparedwvith thegrowth of -A and -B.
(b) Stuffed barriers

Grainboundariesand otherstructuraldefectsin the diffusion barriermaterialcould sene
asrapiddiffusionpathswhenthereis nothermodynamidriving forcefor  toreactwith A and
B asin the caseof sacrificialbarriers.lt is essentiato be ableto stopthe diffusionof A andB
alongthegrainboundariesndstructuraldefects. Onewayto dothisis to eliminatethediffusion
pathsby pluggingthe pathswith suitableimpurity atomsor moleculege.g.,carbonor Ns), and
this processs called”stuffing” thebarrier Thereareevidenceto suggesthatstufiing thebarrier
canindeedbe effective. Theinterpretatiorof this evidencein termsof atomisticmechanismss
largely conjectureput theresultingeffect canbe striking [139]

Reactve sputteringis oneof the waysof stufiing barriers. SputteringMo for example,in
an Ar/ No gas mixture canproducea nearly stoichiometricM N layer which works well as
stuffed barrier[139, 140]. Electrically conductve nitrides( +N M »N), borides( ¢ 2) and
carbideq(TiC, NbC) usedasdiffusion barriershave hadvarying success.Stuffing the barriers
generallymalesit lessconducting.

(c) Amorphousharriers

Apartfrom pluggingthe diffusion pathswith light atomsandmoleculesthe diffusionpath
could be removed by eliminatingthe grain boundariesaltogetheby makingthe diffusion bar
rier eithersingle crystallineor amorphous.lt is difficult to practicallymake single crystalline
barriers,andmary researchersiork with amorphousarriers.However, amorphousarrierare
metastablei.e., they aretransformedo polycrystallinefiims at someelevatedtemperaturend
the consequenceare the problemsassociatedvith polycrystallinebarriers. It is alsopossible
thattheamorphousayer canreactwith A and/orB, in whichcaseamorphousparrierbecomes

sacrificialbarriet
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Figure2.11: Stuffed diffusionbarrier[140]

Pureelementametalsdo notform anamorphouphaseatroomtemperaturesoamorphous
metallicalloys areoftenusedasdiffusionbarriers.Thereareanumberof empiricalruleson how
to selectthe elementgo obtainamorphousnetallicalloys. Generally the largerthe differences
betweerthe constituentsn termsof atomicsize,crystallinestructureandelectrongativity, the
easieirit is for the constituentgo form metallicalloys. Thetwo parametersisedto characterize
metallic alloys arethe crytallizationtemperaturd ) andthe reactiontemperaturd ,) of the
constituents.

Amorphousternaryinterstitial alloys of the form MSIN (M =V, Nb, Ta, Cr, Mo, W) have
beeninvesticateasdiffusionbarriersfor Cu[141]. Amorphousbinarytransitionmetalnitrides
of sometransitionmetalshave beenreported[142, 143,144,145]. For tungstentitaniumand
tantalumnitrides,researchersave obsenedthataddingsilicon stabilizegheiramorphoustruc-
ture. Generally addingmetalloidslike (B, C, Si, P, N) to binary amorphousstructureshasthe

potentialof stabilizingthem. The numberof ternaryamorphousonductingalloys thatcanbe
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conceved in the way is very large. Besidethe combinationof Si N with transitionmetals

listedabore, N and N havealsorecevedattentionaspossiblecandidates.

Diffusion barrier literatur e

In theliterature,mary materialshave beentried asdiffusionbarriers- from singlemetalto
binaryandternarymaterialssilicides,nitrides,andcarbidesarriers.Thebinarycompoundsre
known for their excellentstability while the tenarysystemsareprimarily amorphousndbetter
atslowing thediffusionprocesg§129]. Many of thecompositdayersstudiedinvolve atleastthe
Si/barrier/Custructurewith additionallayersaresometimesncludedfor adhesiorpurposes.
Elementalmetallic barriers- Puremetalswith high melting pointshave beenusedasdiffusion
barrierson electrical contactsbecauseof the conductvity requirement. But pure metalsare
polycrystalline,andgrain boundariesand otherdefectssene aspathsfor rapid diffusion, even
whenthe solubility of the materialsin the contactis extremelylow. Table2.6 shavs examples
of single elementdiffusion barriers. Polycrystallinefiims canbe more effective barrierif they
arestuffed; however, a compromisebetweerthe amountof stuffing andotherbarrierproperties

suchasconductvity andadhesiorhasto bereached.

Binary compoundand amorphougnaterials- In seitchingfrom elementalto compoundfilms,
thenumberof possiblematerialsfor the barrierlayerincreasegnormously However, relatively
few binary compoundandamorphousarriershave beenstudiedexperimentally The stability
of Ti/Pt/Au metallizationstructurewasimproved by replacingtitanium with tungstenbecause
tungsterhasverylow solubility in goldanddoesnotreactwith it. However, to promoteadhesion
andimprove corrosionresistancetitanium wasaddedto the tungstenat levels above the solid

solubility requiremen{146], anda moreeffective diffusion barrierwastherebycreated.Table
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samplestructure  annealingambient barriereffect. (hr/°C) failuremode Ref.
SIC/Ni/Au Vacuum 990/300 Au reactionwith Ni  [107]
GaN/Ti/Al/Mo/Au  NR 360/500 NR [101]
Al Og/Ti/IMo/Au  NR /< 800 Au diff. throuMo gb [102]
Si/Ti/Cu vacuum 0.5/973 reactionat500°C' [103]
Si/Ta/Cu vacuum 0.5/600 aSie andC 3Si [104]
Si/Ta/Cu Ng:He =9:1 0.5/300 reactionat 00°C [104]
SiI/WI/Cu vacuum NR Cudiff throuW gb [105
Si/Cr/Cu vacuum NR Cudiff to Si [105]
Si/W/Ta/Cu vacuum 0.5/450 NR [105]

Table2.6: Elementaldiffusionbarrierlayerfor semiconductinglevices

2.7 shaved examplesof binary compoundsindbinaryalloys usedasdiffusionbarriers.

Ternaryamorphoudarrier- Someattentionis currentlybeinggivento amorphousernaryalloys

ascandidatedor barrierlayerin microelectronicsBinary amorphouslloys of refractorymetal

silicidesfilms sputteredn argon and nitrogengas mixturesto form a M-Si-N ternarysystem,

have shawvn goodpropertiesandexamplesof suchsystemsn litrature arelistedin table2.8.

Conductingoxide diffusion barriers- Oxidationof contactsoperatingat elevatedtemper

aturesis one problemthat leadsto rapid contactdegradation. Even commondiffusion barrier

materialdike TiN andW aresensitve to oxidation[147]. Usingthermodynamicallystablecon-

ductingoxidesasdiffusion barrierat elevatedtemperatures air is oneoptionfor generatinga

gooddiffusionbarriet

Rutheniumdioxide (Ru®,) is themostthermodynamicallygtableoxide of rutheniunwhen

formedattemperaturegreatethan200°C. Rutheniundioxideis almostasconductingasruthe-

nium metal,andhasbetterconductvity thansomesilicidesthatareusedasdiffusionbarriersin

integratedcircuits|

=6.7x1075Q — em,
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samplestructure  annealingambient barriereffect. (hr/°C) failuremode Ref.
SiC/NiCr/Au Vacuum 2500/300 NR [107]
SiC/Ti/TaSk/Pt air 200/600 diff. andoxid. [108]
Si/TaC/Cu vacuum 1775 diff. andreact.of Cu [109]
Si/TaeN/Cu vacuum /650 react.of Cu [109]
Si/TiN/Cu vacuum 0.5/600 react.form Cu-Si [106]
Si/HfN/Cu vacuum 0.25/500 struct.(SEM) [115]
Si/HfN/Pd vacuum 0.25/500 struct.(SEM) [115]
Si/HfN/Au vacuum 0.25/500 struct.(SEM) [115
Si/a-W 12Si; /Cu  vacuum 1/700 crystall. at800°C [105]
SilZrN/Al vacuum 0.5/600 diffusion [116]
Si/ZrBs/Al vacuum 2/625 diffusion [117]
Si/a-NiggNbye/Cu  vacuum 1/600 NR [105]
Si/a-W gN94/Cu  vacuum 0.5/750 reaction [110Q]
Si/Ta-N/Cu vacuum 0.5/750 reaction [117]
Si/Ta-Si/Cu/® Ar — Ny /550 crystal.andreact. [136]

Table2.7: Binary compoundbr alloy diffusionbarrierlayerfor semiconductinglevices

samplestructure annealingambient barriereffect. (hr/°C) failuremode Ref.
Si/SIG/W-Si-N/Cu  Vacuum 1/650 crystall. [112]
Si/SiG,/Mo-Si-N/Cu  Vacuum 0.5/850 crystall. [112]
Si/Ta-Si-N/Cu Vacuum 0.5/900,103/350 crystall. [112]
Si/a-TiPNy/Cu vacuum 0.5/600 struct.andelect. [105]
Si/TiSis/a-TiPNy/Cu  vacuum 0.5/700 struct.andelect. [106]
Si/a-Ti-Si-N/Cu vacuum 0.5/900 TiN graingrowth  [113]
GaAs/a-Si-T-W/Au  vacuum 944/300 electrical [114]

Table2.8: Tenarycompoundor alloy diffusionbarrierlayerfor semiconductinglevices
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Thereareternaryconductingoxideswhich may be moredifficult to preparefor example,
BisRwO , SrVOs, etc. andoxideswith anunstableconductingohasesuchas
2Cr s2(c deci ) Cry 3( —c dci ) 3% o Most of the conducting
oxideshave notbeenstudiedwith theideaof usingthemasdiffusionbarriers,andthereis much
potentialin thisarea.For example,conductingoxidessuchaszinc oxide(ZnO)[148], indiumtin
oxide (ITO) [149], rhodiumoxide (R  3) [150] andsoon, couldturn out to be gooddiffusion

barriers.
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CHAPTER 3

ANALYTICAL TECHNIQUES

3.1 Electrical Analysis

3.1.1 SheetResistanceVleasurement

Thefour-point probetechniquds the mostcommontechniquéfor thin film sheetesistvity
measurement$arasiticresistancesuchasthe contactresistanc¢ R ) andspreadingesistance
(Rs ) makestheresultof two-pointprobemeasuremenifficult to interpret[151]. Theseresis-
tancesarengjligible in thefour-point probeconfigurationdecausehe potentialdifferencesare
measuredvith zeroor very small currentsflowing throughthe potentialprobes.Therearedif-
ferentprobeconfigurationghatcanbeadoptedor four-pointmeasurementscludingcollinear

four-point probeandvanderPauw probearrangements.

Collinear four-point probe

For four probeson astraightline in contactwith asemiconductoandwith probeseparation

distanced, theresistvity of anarbitrarily shapedinite sampleis givenby [151]],

=24d (V/) (3.1)

F is a correctionfactorthatdependsn samplegeometryandis a productof severalinde-
pendentorrectionfactors,

_( D12 (3.2)
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Figure3.1: (a) Collinearfour-point probemeasurements(b) van der Pauw four-point probe
measurements

1, 2, g arecorrectionfactorsfor samplethickness|ateralsampledimensionandprobe
placementelative to to the sampleedges.

For verythin samples, » = 3 =1[15]], and

)= 532 (%) (3.3)

Thesheetesistvity ;in Q/sqis /tor

<

s = .532 (3.4)
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van der Pauw four-point probe

Thetheoreticalbasisfor sheetresistvity measurementsn irregularly shapedgsamplewas
developedby van der Pauw usingconformalmapping[152, 153,154]. Flat, arbitrarily shaped

samplemustmeetthefollowing conditions:

¢ thecontactsareatthecircumferencef the sample

¢ thecontactsaresuficiently small

e thesamples uniformly thick

¢ the surfaceof the sampleis singly connectedthatis, the sampledoesnot containary

isolatedhole.

Undertheseconditions the sampleresistvity is givenby

(Ri234 Ro341)

= 35
5 5 (3.5)
where R12 34 = V34/ 12, Fisacorrectionfactorsatisfyingtherelation
R, —1 ~1 ( 2/ )
R 1 5C S 5 . (3.6)
For a symmetricanduniform sample, R, = Ri234/R2341 = 1 and = 1. A plot of the

corectionfactorF againstR,. is shavn in figure 3.2. The sheetresistancéor a sourcecurrentof

4.532mAcanbewritten as

= 532 (R12 34 . Ra3 41) _ n ; Var) (3.7)
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Figure3.2: vanderpauwcorrectionfactorplot [151]

whereF canbeafunctionof R, i.e.,F=F(R,).

Measurementof sheetresistance ,
Sourcingcurrent 15 = .532mA betweenconactsl and 2, the potentialdifferencebetween
contacts3 and 4 (V34) was measuredising electrometer The potential differencemeasured
in millivolts translateslirectly to resistancen ohms,andthe sheetresitances obtainedusing

equation3.7.

3.1.2 Contact Resistance

Contactresistances characterizedby two parameters:(a) the contactresistancegR ) in

ohmsand (b) the specific contactresistanceor specific contactresistvity r in ohm-cm?2.
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The specificcontactresistancencludesin its definition not only the metal-semiconductan-
terfacebut alsothe regionsimmediatelyabore andbelow the interface[151]. For the metal-
semiconductointerfaceonly, the specificinterfacialresistance is definedas,
v
=— 0 (3.8)
Practically the parameteof interestwhen contactresistancas measureds the specific
contactresistancdr ). It is independentf contactarea,andit is a corvenientparameteihen
comparingcontactsof differentsizes. The currentdensityJ in a metal-semiconductacontact

is generallya function of the appliedvoltageandthe barrierheight. The currentdensityunder

conditionsof thermionicemissionis [155]
=4 2 (i) (—V) —1 (3.9)
This expressions usedto obtainthefollowing expressiorfor the specificinterfacialresistance,
( E)= o=1 (—) (3.10)

where 1= —— (TE = ThermionicEmission)

For thethermionic-fieldemission(TFE), theinterfacialresistances [156]

( BE)y=0Ci1 (%) (3.11)
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andfor field emission(FE),theexpressiorfor is

(B)=Cr1 () (3.12)

C1 and (5 arefunctionsof the donorconcentration(N ), the temperaturgT) andthe barrier

height(¢ ). E isacharacteristienegy for tunnelingprocesg157]

E =— (3.13)

E isrelatedto £ by [15§

B — (2 (3.14)

Theseareexpressiongor the specificinterfacialresistanceHowever, it is not possibleto obtain
accurateheoreticalkexpressiongor the specificcontactresistanceExperimentaimeasurements
yield thespecificcontactresistancevhichis containedmplicitly in thespecificinterfacialresis-

tance.Thatis, it is difficult to comparer with theoryand with experiment.

3.1.3 Linear TransmissionLine Model Measurement

Thetransmissioine model(TLM) diagramedn figure 3.3is a simplemethodof measw
ing the total resistancé R ) betweentwo adjacentcontactpadsasa function of the inter-pad
spacing(L). Theeasewith whichthe specificcontactresistancendthe semiconductosheete-
sistanceareestimatedrom the plot of thetotal resistancagainstinter-padspacings oneof the
advantage®f usingthe TLM methodcomparedo othermethods.Thetotal resistancdetween
ary two adjacentontactss [159]

R =2R R, (3.15)
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Figure3.3: Plot of total contactto contactresistanceasa functionof interpadspacing 159

whereR isthecontactresistanceand R, is theresistanceontribution from thesemiconductor

bwtweenthe padedges.
Rsh

R =2R (3.16)

The contactresistancekR betweenmetaland semiconductocanbe describedwith a resistve

network shovn in figure 3.4where[160]

Ri=-"L and Ry =R, —.

r isthespecificcontactresistancgQ — ecm?), R, isthemodifiedsheetresistancef semicon-
ductor(£2/s ) underthe contact,andW is the width of the contact. Using Kirchoff’s law, the
relationbetweervoltagesandcurrentsat  and canbewritten as,

V( )=V()= ()Ra= ()— . Inthelimit 0,

(3.17)
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Figure3.4: TLM resistve network [160]. Thecontactwidth W is into the page.

40) _yy—, (3.18)

Combiningthe voltageandcurrentequationg/eilds a secondrderdifferentialequation

() _dv _

=== (=2 () (3.19)

—_— = where =

is referredto asthe "transferlength” or penetratioength,andit is the characteristidength
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over which the currentflows underthe contact. The generakolutionto the secondorderdiffer-

entialequationis

()= —— (3.20)
and
V()= 1T . (3.21)
Thecontactresistancés
V(0) R, d
R =—+<*= — (3.22)
(0)
For d 2 — 1
and R =— HenceR becomes
2
p -2 B R (3.23)

If the semiconductosheetresistancainderthe contactis not significantly modified, we

have 2 . Ford R, Ry, and

R :2 r Ry, R

(3.24)

This equationimplies a linearrelationshipbetweenR andL. r and R, arecalculatedirom
the slopeandinterceptof thelinearcurve.

If =2 , thatis R, = R,,, thecorrectvalueof » canbefoundby additional
measurementf the contactendresistancéR ) [159]. The standardechniquefor measuring
R isto passaconstanturrentbetweerntwo adjacentontactpadsandthenmeasurehe poten-

tial differencebetweeroneof thecurrentpadsandathird adjacenpad.It canbeshavn that R
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is expresseas[161]

R =—= . (3.25)
However, R, = T, sothat
R — r 1
- (3.26)
R a
7=

3.1.4 1-V Charateristics of Schottky Diodes

The Schottly diodeis a "majority carrier device”, and minority chage carriersplay in-
significantrole in the determinatiornof the I-V characteristic.For an n-type Schottky barrier,
electroninjection from the semiconductointo the metal dominatesthe obsened currentbe-
causeof therelatively low potentialbarrier However, recombinatiorandholeinjectioncurrents
still exist [44].

Injectionof electronsor holesover a potentialbarrieris refferedto asthermionicemission
current. High mobility semiconductorfiave |-V characteristicgiiven by thermionicemission
theory providedthe forwardbiasis nottoo large [50]. Thethermionicemissioncurrentcanbe
derived asfollows. An electronin the semiconductors capableof jumping over the potential

barrierif it hasavelocity andkinetic enegy,

E=-m 2> (\, =V)

9 12 (3.27)
=W -V)

Y
3

whereV istheappliedpotential.lf therearen electrongperunit volumein the semiconductor

with velocityv thenthecurrentwill be, d s ,, =— A (). Integratingoverthevelocity
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differential,

s m=— A ( )d
m 2 Er—F m
()= —m°  Er-E) mo (3.28)
10) 1%
s m=AC 2 (__) (—)
where
2
c o —1204cm 2 2 T (3.29)
m m

Richardsorconstant= 1204cm =2 2
Electronsgoing from the metalinto semiconductoseea constantpotential¢ , where¢ is

definedin figure 3.5.
w V)= m oV =0)=—, u(V =0)=-4C 2 (L=, (@30
Total currentis
=sm ms=sm ms(V =0=; (—)—-1 . (3.31)

For V >afewkT/lq, = , — and

for V > afewkT/q inthereversebiasmode, = — ;
Theexpressionabove arefor idealdiodes.However, realdiodesexhibit phenomenauch

asbreakdaovn voltageandreversecurrentthat arenot constanbecausehe potentialbarrier¢

is notconstantThebarrierheight¢ associateavith imageforce barrierloweringis expressed
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Figure3.5: Effect of barrierloweringon barrierheight

as

¢ =¢ - ¢ (3.32)
¢ =V W= (V W) (3.33)

Theideal barrierheightbecomes goodapproximationf the diodeis operatedat a strongfor-
wardbias.|-V characteristicef arealdiodedependnthebarrierheightthatcanbeafunctionof
theappliedbias,underthis conditionanideality factor(n) canbeintroducednto thethermionic
currentexpressionby including a linear, voltagedependentermin the modified barrierheight

expression.Thethermioniccurrentbecomeg151],

=, ()l =, () 1- (=) . (@39
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s=AC ? (——), andthecurrentdensity = /A sothat

=C * (——@ -V/) 1- -—— (3.35)
For V —,
=C * (——(@ -V /) (3.36)
Takingthe naturallog of this equationyields
=C ——¢ -V (3.37)
where C = C 2. A plotof againstV' shouldbelinearfor V> afew kT/q.

The ideality factorn is determinedrom the slope,while the barrierheight¢ is determined
from theinterceptof thelinearplot.

(s pe) (3.38)

However, removing the condition V / , alineargraphcouldbe obtainedfor all V' if
whatis plotedagainstV is ———

TheRichadsorconstanC is onemajoruncertaintyin the J-V expressionlt is modifiedto take
into accountheeffective massof electronsn thesemiconductgiquantum-mechanicagflection
of thoseelectronswvhich areableto negotiatethe barrier andphononscatteringof the electrons
betweenthe top of the barrier (as determinedby imageforces)and the surface of the metal

[50]. It canalsodependon experimentalfactorssuchassemiconductosurfacecleaning[162],

annealingconditions contactmetalthicknessandmethodof metaldeposition163].
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Seriegesistancér;) is alsopresenduringdiodeoperation.lt depend®onthe semiconduc-
tor resistiity, contactresistanceindsometimesn geometricafactors[151]. Seriesresistance
canbeincludedin thethermioniccurrentexpressiorby replacing(V' ) by (V — rs), where(V)
is the measuredoltageacrosshe entirediodeincluding substrateand contactresistance The

currentexpressiorbecomes

_ ., (W= (3.39)
The seriesresistancds obtainedby plotting — or —— againstl, the slopeis the series
resistanceandtheinterceptis —— from which theideality factorn canbe obtained.

3.1.5 C-V Charateristics of Schottky Diodes

Schottly diodesexhibit capacitancassociatedavith their depletionregions. In this regard,
they aresimilarto p-njunctiondiodes.Thecapacitancef ann-typeSchottky barrieris identical
to thatof anabruptp™ — junction,with thep™ sidebehaing asthe metalsideof the Schotthky
diode. One major differenceis that thereis no minority carrier storagein a Schottk/ diode.
Thereis alsono diffusioncapacitance.

The capacitancef a Schottky barrierresembles parallel-platecapacitomwith the separa-
tion betweerthe platescontrolledby the appliedreversebiaspotential. The differentialcapaci-
tance(C = —) is usuallymeasuredy superimposing small alternatingvoltageon a reverse
dc bias[50]. Thedifferentialcapacitancelependn the appliedreversebias. Underfavorable
circumstancesneasurementsf the capacitancesa function of time andreversebiasvoltage

canyield notonly theconcentratiorf interfacialtraps but alsotheirtime constant&indenegies
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Figure3.6: Capacitanceneasurementsnderappliedbias[151]

relative to the bandedges.Applied external stimuli suchaslight, temperatureor forward bias
canchangethe occupatiorof thesetraps.
Figure 3.6 shavs an n-type Schottky diodewith dopingconcentrationV. andan applied

dcbiasV . Thedifferentialcapacitancés

(3.40)

whered  is the chageincrementin the semiconductoanddV is the appliedvoltageincre-
ment.

The superimposedmallamplitudeac voltageis typically appliedat a frequeng of 1MHz
with anamplitudeof 10 to 20mV. The ac voltagechangingfrom zeroto small negative value
addsa small chage increment—d ,, to the metal contact. The semiconductoreactsto the

chageincrementn the metalwith a correspondinghageincrementof d ; leadingto a slight
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increaséan spacechageregion (scr)widthd  to maintaina overall chage neutrality[151].

d s= AN ( )d (3.41)
d d
C_dV = AN ( v (3.42)
For parallelplatecapacitor
oo s A ac - 5 Ad

N av. 2 dv
3.43
d - 2dcC ( )

v~ s AdV

Usingequations3.42and3.43,

C -C3 2
)= Ald /av)~ AT, (dC[dV) ~ 42 1 (3.44)

N (

Thedopingconcentrations obtainedfrom a C-V measuremenisingthe slopeof the plot
of - againstV andthedopantdepthobtainedrom
= ——. Thewidth of thespacechageregion (W) extendsonly into the semiconductoand
is negligible in the metal. The .- — V' plot shavs immediatelythe uniformity of the doping
concentrationwith a uniformly dopedsemiconductocharacterizethy a straightline.

Thecapacitanc@erunit areaof a schottky diodeis givenby [164],

C s
5= (3.45)

Forann-typesubstrate N > N and V <0, / accountdor the majority carriertail in

thescr. Thebarrierheightis relatedto the built-in potentialV; by,
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o =V, V and V=— —

2 m 32

Theeffective densityof statess N =2 h

For N =0, thecapacitanc@erunit areaexpressiorcanbelinearizedas,

A? oV~ /) 2V
5 = —¥ — N (3.46)

Againtheplot of (A/C)? against V' yeildsaslopeandanintercept.

S

Theinterceptgives V=V - —

However V, =¢ —V sothat V.=¢ -V — /.

o =V V / =V — 1 ;VV— . (3.47)

3.2 Physical Analysis

3.2.1 Rutherford Backscattering Spectrometery (RBS)
Intr oduction

The modelof an atomasa positive nucleusenclosedby cloud of negative electronswas
put forward by ErnestRutherfordandconfirmedexperimetallyby GeigerandMarsden(1913).
They reportedsinlge collision, large angle, scatteringof alphaparticlesby positively chaged
nuclei. Their experimentnot only establishedrutherfords modelbut alsoformedthe basisfor
RutherfordBackscatteringspectrometrfRBS)asa modernanalyticaltechniqug 166].

Rutherfordbackscatterings simply understootecausét is a classicalscatteringorocess

in a centralforce field. High enegy helium ions undego close-impactcollisions which are
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Figure3.7: Closeimpactcollision andbackscatteringfL66]

governedby coulombrepulsionbetweerthe positively chagedincidentprojectileandthenuclei

of thetargetatoms.

Definitions

kinematicfactorin anelasticcollision

A very small fraction of incidentbeamis backscatteredn collision with atomic nuclei.
Backscatteregbarticlesof enegy (F1) getto the detector The reductionin the enegy of the
particles(F;y < E') is a function of the massof the incident particle andthe target nucleus.
Assumingan elasticcollision, the principlesof conseration of kinetic enegy andmomentum
canbe appliedto obtaina solutionfor the kinematicsof the collision. The collision is depicted

in figure 3.7.
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Kinetic enegy conseration:

1

oM 0= 2™ 12 g™M2 92 (3.48)
Momentumconseration:
mi g=m 1 me 9 @ ( —direci )
(3.49)
0=m1 1 —mg o @ ( —direci )
Solvingthekinetic enegy andmomentunconserationequationyield,
1 (m22 —m12 2 )1 2 mi
0 mip M2 (3.50)
2 .
& _ (m22 o m12 2 )1 2 mi
Ey B myp M2

The ratio of the backscattere@negy to incidentenepy is calledthe kinematicfactor( =
E1/Ey). Theeqationabored shavs thatk is determinednly by the masse®f incidentparticle
andtargetatomandby the scatteringangle, . For afixedincidentparticlemassandscattering
angle k becomes function of thetargetmassms only. Therefore the enegy of backscattered
particleis adirectsignatureof thetargetatom.

In practice,when a target containstwo typesof atomsthat differ in masssedy a small
amount m, it is importantthatthis differenceproduceaslarge achangein E; aspossible.
Thisgivesthelargest when = 180° (ideallocationfor adetector). = 170° is apractical
location becauseof detectorsize. It is this arrangementhat hasgiven the methodits name,

Backscatteringgpectrometry167]. Quantitatvely,

Ei=E — m (3.51)



Every practicaldetectionsystemhasa finite resolution.If  E; falls belaw this limit, the

distinctionbetweertwo massess lost. To obtaingoodmassresolution|t is desirableo [167]:

(2) increasdheincidentparticleenegy E
2) usealargeprojectilemassmny, but with m; < mg
3) measureat scatteringangleascloseaspossibleto 180°

Scatteringcrosssection

After anelasticcollision, thetargetatomis identifiedby theenegy lostby thescattereghar
ticle. Thecollision probabilitybetweertheincidentparticleandthetargetnucleuss determined
by the numberof targetnucleiperunit area. The scatteringcrosssectionrelatesthe numberof
targetnucleito the numberof particlesdetectedhafter scattering.For particlesscatteredhrough
anangle into adifferentialsolid angle, $2, thedifferentialscatteringcrosssectionis defined
as

d 1 d /9

- (3.52)

is thetotal numberof incidentparticleonthetamget. d isthenumberof particlesgettingto
thedetector N is thevolumedensityof atomsin thetarget,andt is thesamplehicknessHence,
N is the numberof targetatomsper unit area(arealdensity). d /dS2 hasthe dimensionof
area,andit canbe interpretedasthe effective areaeachnucleuspresentgo the incidentbeam.

In backscatteringpectrometrythe detectorsolid angle is small (~ 10~2 sterradiaror less).

Theaveragedifferentialscatteringcrosssectionis definedas

=g 5¢ (3.53)
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Figure3.8: Q = S/d? = detectorsolid angle.S = detectorarea.d = detectortargetdistancet =
targetthickness.

Thenumberof particlesdetectedy the detectoris calledtheyield andis givenby;,

= ()@ N (3.54)

is determinedby time integrationof the currentof chage particlesincidenton thetarget.
In thebackscatteingpectrometryit is assumedhattheincidentparticleis scatteredy the
unscreeneducleusof thetamgetatombecausehe distanceof closesiapproachs well within the

inner electronorbits. The unscreenedcatteringcrosssectionoriginally derived by Rutherford

is

1e istheincidentparticlechageand e targetparticlechage.

Rutherforassumedhatthe targetatomwasinfinitely heary while deriving the scatteringcross
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sectionexpression. If the target atomsare consideredo have finite mass,then the collision
becomesa two-body centralforce problemwhich canbe analyzedasa one-bodycollision by

replacingm, by thereducedmass y = mimsa/(m1 mg). Themodifiedscatteringcross

sectionbecomes
g 12 2
1—- m
2 m
d 1 262
5= o5 T - 1z . (3.56)
1=

For the coulomb potentialto govern the backscatteringprocess,distanceof closestap-
proach,d, mustbe lessthank-shell electronradius,estimatedo bea / 2, a = 0.534, the

Bohrradius.

E=-22 44 d<a/, E>-+2%2°% (3.57)

E ~ 10 eV for aSitagetandE ~ 3 0 eV for scatteringfrom Au. Becausepartof thetra-
jectorywill alwaysbeoutsidetheelectroncloudleadingto deviationfrom Rutherfordscattering

crosssection thescreenedoulombcrosssectionis

s = () where = 1-29 _ andEisinkeV. For IMeV Heionsincidenton
Au, 3%. For 2MeV He ions, the screeningcorrectioncanbe neglectedfor mosttarmgets
[166, 167].

Enegy loss(dE/dx) andstoppingcrosssection( )

Compositiondepthprofilescanbe obtainedfrom RBS analysis. The depthscaleis deter
minedby the enepgy lossat high enegiesastheincidentparticlestraversedthe sample.Enegy

is lost by enepetic particlesmostly throughexcitation andionizationduringinelasticcollisions
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Figure3.9: Enegy lossduringinward andoutwardtrajectoryof incidentparticle[166]

with atomicelectrons Enegy lossdueto aninteractionwith thennucleusjs muchlessthanelec-
tronic enegy loss. Theamountof enegy E lostperdistance by a particularion depends
on the densityandcompositionof targetandon theion enegy. For anincidentenegy E , the

ion enegy atary depth canbewrittenas

E( )=E - d—Ed (3.58)
0o d
Thestoppingcrosssection canbedefinedas
1 dE 5
=Nda (eV — em?) (3.59)

whereN is theatomicdensity
In a compoundarget, the total enegy lossis the sumof the losseso eachof of the con-

stituentelementsveightedoy thealundancef eachelement.This postulatdas known asBragg's
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rule,andit stateghatthe stoppingcrosssectionof Si o for exampleis givenby

=1 @ (3.60)
where and arethestoppingcrosssectionof the atomicconstituents. is sometimes
calledthe stoppingpower permoleculeand — = N . Nisthenumberof moleculegper

volume.

Enegy width anddepthprofile

In thin films, thetotal enegy loss, E, into adepth is proportionalto . Thisis trueif

dE/d is constantwhichis agoodassumptiorif E islarge(> 1MeV)and istheorderof a

few microns.
dE dE
E = — — .61
. d d 7 (3.61)
Theenepy atdepth is
E()=E - fli—E . (3.62)

After large anglescatteringtheion enegy canbewritten as

dE

Bi()= B()-——_ (3.63)
wherek is thekinematicfactor is thescatteringangleand / is the pathlengthtraveled

by theion afterscattering.

dE dE
(3.64)
m()=- % 198 g
N d d
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Theenegywidth FE'is

E 1 dE
E= E —Ei( )= ‘;— Z— =5 (3.65)

E andE aretheenegiesatwhichdE/d is evaluated.S is thebackscatteringnepgy loss

factor

In evaluatingdE /d , two possibleapproximationsanbe adopted

() The surfaceenepgy approximationSEA is a goodapproximationfor very thin films (<

0.5um). InthiscasedE/d isevaluatedat E =FE and E = E.

(i) The meanenepgy approximationMEA is usedwhen pathlengthtraversedby theionsis

> 0.5um, dE/d isevaluatedatatmeanenepies

E =3E E() andE =31E  E()

Assumingalsothatthemeasured FE is divided equallybetweertheinwardandoutward paths,
1

we have approximately E( ) =E — 35 E. Then

E =E - E andE = E E.

1
1

Theenegy E; of thedetectedarticlecanberelatedto thedepth atwhichbackscattering
occurs. For elementalsampleswith incidentparticlesstriking the samplesurface perpendicu-

larly, alongtheinwardandoutward paths respectiely,

dE
- @B (3.66)
dFE
=~ @E/d) (3.67)

SinceE andE; aretheenegiesin theseexpressionghatcanbe measuredxperimantallyit is

necessaryo obtain intermsof E andE;. Therearethreewaysof doingthis
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(1) AssumedE/d is constanbver eachpath,thenthe equationscanbeintegratedandE el-
liminated. This assumptiorieadsto alinearrelationshipbetween E and . ConstandE/d
is anapproximationandtheresultingdepthscaleis subsequentlapproximate.

(2) Usetahulatedvaluesof dE/d and carry out the integration numericallyto find corre-
spondingsetsof E and , andtherefore E andE;. The numericalcalcultaioncanbe doneby
dividing the sampleinto mary slabsof equalwidth small enoughthatdE /d canbe as-
sumedconstant Alternatively, thesamplecanbedividedinto slabsof differingthicknessesuch
thatparticlesscatteredrom two boundarie®f all slabshave fixed enepy differenceat detector
(3) Assumesomefunctionaldependencéor dE/d . Matchingpairsof E and andof and

E4 canthenbeobtainedanalytically

The linear acceleratorfacility at Auburn

The acceleratoat Auburn University (figure 3.10)is a 6SDH-2pelletrontandemmachine
purchasedrom the National ElectrostaticsCorporation. It hastwo ion sourcesallowing for a
wide rangeof applicationsHeliumion beamsareproducedrom anrf exchangaon sourceand
awiderangeof heary ionsareavailablefrom the SNICSII (Sourceof Negative lonsby Cesium
Sputtering).For example,nitrogen,aluminum,silicon, phosphorouandgold canbeaccelerated
with enegiesthatrangefrom 100keV to 8MeV. Theacceleratois currentlyusedfor Rutherford
backscaterin@pectrometryRBS),light ion channelingLIC), nuclearreactionanalysiSNRA)

andheary ion implantation(HIl). [168].

lon sourcegfigure3.11)

HeliumRF Source Heliumgasis bledinto aquartzbottle,andthegasisionizedby an100MHz

RF oscillator Theresulting e™ is separatedy applyingabout6kV potentialto pushtheions
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Figure3.10: Pelletrontandemacceleratoat Auburn University
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Figure3.11: (a) Sourcessectionof the acceleratar lllustrationsof (b) SNICSsource (c) He
ion source[168]

throughanexit aperture The e™ ionsthenenterthe chage exchangechambemwherethey are
neutralizedby Rubidium (Rb) vapor Someneutralizedons undego further chage exchange
to become e~. Theoutputof RF sourceis about100 — 200 A of neutral e and1l — pA
of e~. Rubidiumis usedin the chaige exchangeprocesecaus®f its high crosssectionfor
e~ production[169, 170]. To maintaina goodchage exchangethe Rb is heatedn anoven

keptat 250°C andcirculatedin the chage exchangechambeitthatis warmedto 55°C [21].
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SNICSSource- Cesiumions(Cs™) usedfor sputteringareproducedoy immersinga tantalum
ionizerin aCsvapor TheionizedCsis acceleratetowardsa cold cathodebiasedat-15kV. The
cathodds madeof materialwhoseionsareto beacceleratedC's* ionssputterthe cathodema-
terial, andcathoddons which becomenegatively chagedasthey movesthroughthe Csvapor
repeledby the cathodealias. The nggative ion currentis afunctionof mary parametericluding
the cathodecomposition cathodepotential,Cs™ flux, etc. It is possibleto generatecurrentsof

up to severalhundredmicroampsor mostheary elementg21].

Chaging system

Pelletronchaging chainwasdevelopedin themid 1960sasanimpravementover theolder
Vande Graff chagingbelt[171]. Thechainsaremadeof metalpelletsconnectedy insulating
nylon links. The chainis moredurableand producegreaterterminalstability comparedo the
belt. Thechaineliminatesdustfrom the beltanddoesnot limit ultimateterminalpotential.

Pelletronchaging systemalso offers significantadvantagesover solid statechaging sys-
temsthatrequirefragile electronicsn the high voltagecolumn. A solid statesystemalsotakes
long time to conditionto voltagein orderto avoid terminalsparking.

Pelletronchainsarechagedby a inductionschemeansteadof coronadischage[171]. To
generatea positive terminal voltage, the inductor is negatively chaged and pusheselectrons
off the pelletwhile they arein contactwith thegroundeddrivenpulley. The chainsubsequently
transportpositive chageto thehigh voltageterminalwherethereversechaging proces®ccurs.
Thechainpasseshrougha suppressofnegatively biasedfor positively chage chain)to prevent
arcingasthe pelletsmake contactwith theterminalpulley. Figure3.12shovs a pelletronchag-
ing system.This systemcanprovide a two-way chaging (up-chaging anddown-chaping), the

differencebetweeriup” and’down” is in thereversalof the polarity of theinductor/suppressor
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Figure3.12: Pelletronchaging system171]

The two-way chaging systemeffectively doublesthe chaging currentcapacityof the chain.

Dependingpnthedesign this systemcandeliver chaging currentsof 100 — 200 A or moreper

chainto the high voltageterminal.

Acceleratiomandfocus

lonsfrom theion sourceareacceleratedo the high voltageterminal. Insidethe terminal,
the ions collide with Ar or N, moleculesfrom a low pressuresource. Thesecollision strip
electrongo createpositive ionsthatexperiencea secondacceleratiordueto repulsionfrom the
high voltageterminal. This doubleacceleratiormodeof operationwherethe two endsof the
acceleratingolumnaregroundedjs calleda "tandem” configuration.Positve ions of different
chagestateleave theterminalregion, andit is imporantto beableto selectionsof singlechage
stateandspecies An analyzingmagnets usedfor this purpose.Passingionsthroughanarc of

radiusR, with the acceleratiorterminalvoltageV, in a magneticfield B, particularions with a
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chage-to-massatio (g/m)will beableto successfullytraversethearc.

12
p=m_ _1 2m, (3.68)

The RBSbeamleg attachedo the analyzingmagnef(figure 3.10)is 12° left off thedirectionof
theion beamasit enterghemagne{21]. lonsof specificspecieschagestateandenegy canbe
selectedor thebeamleg wheretheionsarepassedhroughtwo smallaperturedor collimation.
A faradaycup (biasedTa cone)is usedto measurehe beamcurrent. Thecupis movedin or out
of the beampathby a pneumaticcylinder. Whenthe cupis out of the beampath,the beamcan
getto the samplesnountedon a goinometemwith computercontrol of threedegreesof freedom
- up/down, rotationabouta vertical axisandrotationabouta horizontalaxis.
Detector

RBS andchannelingexperimentsusea solid statesurfacebarrierdetector(sbd) mounted
at 170° wih respecto the incidentbeamdirection. The detectoris a silicon diodewith a very
thin p-type surfacelayer [172]. The detectoris reversebiasedand incident chage particles
incidentcreateelectronsandholesthataresweptin oppositedirectionsto collectionelectrodes
by the electricfield in the depletionregion. The amountof collectedchagesis proportionalto
theincidentparticleenegy. Chage pulsesaresubsequentlgorvertedelectronicallyto voltage
pulses.

Thebeamcurrentintegration(BClI) systemsountshenumberof chagedparticlesincident
onthetarget. About99.99% of theparticlesincidentontargetcometo restin hetarget,andthese
inducecurrentin thesamplg21]. Detectorcalibrationis performedusing?*! Am which givesan

alphapatrticle of enegy 5.486MeV This enepy is usedto calibratea precisionpulsegenerator
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thatis in turnusedo simulatedetectorsignalsattheinputof thedetectoipre-amplifier Typically

apulseheightspectrumwith known enegiesbetweerD and2MeV is accumulated21].

3.2.2 Auger Electron Spectroscopy(AES)

Whenaninnershellvacang is createdn anatomby aphoton,enegeticelectronor proton,
the excited atomrelaxesto equilibrium eitherradiatively or non-radiatvely. For radiative de-
excitation,a highershellelectronmake a transitionto occugy theinnershellvacang, releasing
radiation (photons)in the process. For non-radiatve de-ecitation, the higher shell electron
makesthe transitionto the inner shell vacang, andthe enepgy releaseccauseghe ejectionof
secondargelectrongAugerelectronswithout emissionof photonradiation.

The detectionof Auger electronemissiondatesto the work of P. Augerin 1925[173).
Auger electroncharacteristieenegies uniquely identify the elementfrom which electronsare
ejected. The enegy of an Auger electronis determinedby the differencesn binding enegy
associatedvith the de-ecitationasthe atomrearrangeds electronshellsby emitting electrons
with characteristienegy [166]. An illustrationof Augerde-ecitationis shovn in figure 3.13.
The transitionnomenclaturd 1 1) implies aninitial vacang in the K shell. An outer 4
electrorfills thevacang, andtheenepgy releaseds givento another ; electrorwhichis ejected
from theatom. The CosterKronig transitionin which the primary vacangy andoneof thefinal
statevacanciedie in the sameshell hasa higherprobability thanthe normal Auger transition,

andsoaffectstherelative Augerline intensities.

Auger energiesand intensities

Radiationlesproces<onsistof transitionsnvolving holes(vacancies)Theinitial holecan

be characterizedby the following quantumnumbers:principal, angularmomentummagnetic
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Figure3.13: lllustration of augerelectronde-eccitation[166]

andspin(  m ms) , andthefinal two vacanciedy ( m m) and( m ms) [174]. The
transitionis

( mms) — ( mms)( m mg)

Enery calculationsare carriedout via theoreticaltechniquesa semi-empiricalapproachor a
totally empiricaltechniquebasedon simplifiedequations.

Empirical Methods

Thesimplestequationfor theenepgy of Augerelectronis

E ()=E() E() E () (3.69)

whereE () is the enepgy level in which theinitial holeis located,E ( ) is the enegy level
from which aninitial electronfallsto fill theinitial hole,E () is theenegy appropriatdo an

atomsingly ionizedafterthe Auger electronhasbeenejectedirom enegy level . E () is
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the augerenepy of the transitionuvw of elementz. E ( ) andE ( ) canbeapproximateds
theatomicbindingenegiesof electrondn theu andv enegy levels.
E ()=E() E()whee E()=iE( 1)-E() E( 1)-E(),

Therefore,

E ()=E()-E()-E()-5E( 1D-E() E( 1D-E() (370

Transitionprobabilities

The Augertransistionprobability in hydrogenlile atom(KLL transition)canbe writ-

ten,accordingo first-orderperturbatiortheory as[166]

62 — — — _2
“2 () (1) =2 () (m)dndn
=2 (3.71)

d dé

where () isthedensityof statesassociateavith normalization.

Practicalconsiderations

Auger electrontransitionsgenerallyappearas small featuressuperimposean the large back-
groundof secondaryelectrons. A derivative techniquedN (E)/dE is usedto minimize the
slowly varyingbackgroundandto enhancebsenationof the Augerelectronsignals.Electronic
differentiationof theenegy distribution function N (E) is readilyachiezedwith avelocity anal-
yser by superimposinga small ac voltage on the enegy selectorvoltage and synchroniously
detectinghe power outputof the electronmultiplier. Augerpeak-to-peakeightof thedifferen-
tiatedsignalis adirectmeasuref the surfaceconcentratiorof elementhatproduceshe Auger

electrons.
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The sensitvity of Augertechniquedependsn thetransitionprobability , theincident
beamcurrentandenepy, andthe collectionefficiengy of theanalyserThelimit of detectionfor
theelements/ariesbetweerapproximately0.02and0.2 atomicpercen{175].

Qualitatve andquantitatve analysis

PrincipalAugerpeaksof KLL, LMM andMNN Augertransitionsallow identificationof all
elementsabove He by scanninghe 0-2keV enegy range.Major Auger peakscanbe identified
by usingthePrincipalAugerElectronEnegiesChartto reducehenumberof possibilitiesbefore
attemptinga detailedanalysisof a standardAuger spectrum.A peakshift of afew eV canbe
considerednsignificantif the elements in a differentchemicalervironmentfrom thatusedfor
the standardspectrum.

Therelationshipbetweerugerelectronsignalandatomicconcentratiocanbedetermined
asafunctionof instrumentaparametersuchasthe primaryelectronbeamcurrent( ), thepri-
marybeamenengy (E ) andfor themodulationenegy (E,,) [175]. Thereis alinearrelationship
betweenAuger peak-to-pealamplitudeand aslong astheincidentelectronbeamdiameter
doesnot exceedthe analyseisourcediameterandthe currentdensityis nottoo largeto damage
thesamplesurface.

The Augersignalamplitudeis proportionalto the modulationenegy whenthe modulation
enepy is small comparedwith the Auger peakwidth. For large modulationamplitudes,the
peakis broadenedand peak-to-pealamplitudebecomesonlinearwith E,,. Auger peak-to-
peakamplitudesvary with the primary beamenegy E becausef the enegy dependencef
the electronimpactionizationcrosssectionfor the corelevel involvedin Augertransition. The
Augeryield risesabruptlyfrom zeroasE  crossesheionizationthresholdE andincreaseso

amaximumfor E /E > 5[175].
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A firstorderapproximatiorfor quantitatve analysiscanbeaccomplishedhroughcomaprison
of the Augersignalfrom the sampleto the Augersignalfrom a purestandardTo avoid theneed
for alargenumberof elementaktandardsanothemethodcomparinghesignalfrom thesample
with thatfrom a puresilver tagethasbeenadopted SettingE' to astandardralueandE,,, low
enoughto prevent significantdistortiondueto excessve modulation,the atomic concentration
of element is

= — 3.72
¢ =—5 (3.72)

is the peak-to-pealkamplitudeof element  from thetestspecimenand  is the peak-to-
peakamplitudefrom the Ag standard.The relative scalefactorbetweerspectrafor the sample

andthesilver standards

- (3.73)

is the lock-in amplifier sensitvity, E,, is modulationenegy and is the primary beam
current.

Without elementabr silver standardsit is possibleto expressthe atomicconcentratioras

C=—/ S (3.74)

Thesumationis over onepeakperelementandd = E,, is the scalefactor
This simplequantitatie techniquehassomeinherenterrorswhichinclude:

(1) matrix effectson electronescapelepthandbackscatterinactors

(2) chemicaleffecton peakshapes

(3) surfacetopograply

Auger electronescapalepthdependencen electronicsttructureof the hostmaterialmay alter
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thedepthmeasuremenh thespecimermnelative to thatin astandardChemicaleffectcancausea
changen thepeakshapeandleadto errorusingpeak-to-peakeightsof differentiatedspectrum.
Highly polishedsurfacesproducearger Augersignalsthanroughsurfaceq175].

The combinationof RBS and AES is quite usefulin depthprofile analysisbecauseRBS
givesquantitatve informationon depthandheary massconstituentsvithout the complications
of intermixingduringsputtering.lon sputteringcauses changen thecompositiorof thesurface
layer due to surface segregation and preferentialsputtering. Comparedto RBS, AES depth

profiling providesbetterdepthresolutionandis sensitve to bothheavy andlight elements.

3.2.3 X-ray Photoelection Spectroscopy(XPS)[166]

Photoelectrorspectroscop is one of the major surfaceanalyticaltools. This technique
arisesdirectly asaresultof the interactionbetweenphotonandatoms. The sourceof photons
incidenton the samplecanbe ultraviolet light (UPS)or X-ray (XPS). This techniqueis other
wise calledESCA (ElectronSpectroscopfor ChemicalAnalysis),especiallyif thefocusis on
chemicalbondingin the sample.A wide rangeof photonenegiescanbe be usedfor analysis.
Photonswith enegy aslow as10eV caninteractwith valenceelectronsandprovide information
aboutchemicalbondingin the sample.For elementalidentificationhowever, muchhigherpho-
tonenepy is required.Photonswith enegy ashigh as0.1MeV canpenetratesolidsandinteract
with inner shell electrons. A major advancemenfor this techniqguecamewith the adwent of
electronsynchrotronfacilities that provide intensemonochromatighotonbeamsover a broad
rangeof enegies.MostlaboratoryinstrumentgproduceX-raysin the 1 - 10keV region.

Whena sampleis exposedto photonsof enegy , it absorbghe quantizedenegy and
electronsare ejectedfrom the material. The kinetic enegy of an ejectedelectronis relatedto

thebindingenegy of anelectronin the atom. The enegy of the electronalsogivestheidentity
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of the elementfrom which the electronis ejected. Photoelectrorspectroscopesequireboth a

sourceof monochromaticadiationandanelectronspectrometer

Sources

UPSgenerallyusesa resonantight sourcesuchasa e dischage lampwith enegiesin
the 16 — 1eV range. This enegy is sufiicent for the analysisof the valencebanddensityof
statedor mostsolids.

Dependingon X-ray enegy of interestcharacteristiX-ray for XPSanalysids providedby
electronbombardmentf targets.Magnesiunmandaluminumtargetsareusedpredominantlyand
they producesoft X-rays(~ 1 eV’). Hard X-rays canbe producedwith a Cutarget(~ 8 eV),
andtheassociateénegy width is about2.0eV Molybdenumalsogiveshardcharacteristi-ray
enegies(~ 17 eV) with anenepgy width of about6eV . Becaus®f the poorenepgy resolution,
mostof thesesourcesarenot suitablefor high resolutionstudies.

Synchrotrorradiationfrom electronstoragerings canprovide a continuousspectrumwith
intensitiesmuch higherthan X-ray or resonancdight sources.The useof polarizedtunnable
radiationfrom the synchrotroris a distinctadvantagan experimentainvestications,but access

to synchrotrorfacilitiesis limited.

Detectionsystem

Theelectrostati@nalyzeiis usedprimarily to determinethe enepgy of photoelectronsDe-
flection andreflection(mirror) arethe two generaloperatingmodesfor analyzers.The cylin-
drical mirror analyzer(CMA) is a commontype. Deflectionis causedby the potentialdiffer-

encebetweenthe innerandoutercylinders. CMAs maintaina constanenepy resolution.The
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electronanalyzermeasureshe numberof photoelectrongt differentkinetic enegies,andthe

informationis displayedasaspectrunof photoelectronntensityasafunctionof bindingeneny.

Quantitati ve analysis

In quantitatve analysis,the areaundera photoelectrorpeakor the line intensityis used.
Line intensitydepend®nfactorssuchasphotoelectricrosssection , theelectronescapalepth
within the sample , the spectrometetransmissionsurfaceroughnes®r inhomogeneitiesind
the presencef satellitestructures.

Chemicalanalysisof a samplewith componentelementsA and B can give the relative
concentration, / ,in termsof the peakintensitiesandcrosssectionsf photopeakdrom A

andB have aboutsameenegy andsamedetectionefficiency,

I (3.75)

Photoelectrompeakareacanalsobe comparedo known standardor quantitatve analysis.

3.2.4 X-ray Diffraction (XRD)

X-ray diffractionis oneof the mostcommontoolsfor materialcharacterizatiothecausef
its simplicity, reliability andnondestructie nature[176]. The basisof X-ray diffractionis the
Braggequationwhich describeghe conditionfor constructve interferencdor X-ray scattering
from atomicplanesof a crystal.

2d = (3.76)

X-ray diffractionis usefulin mary technologicahpplicationslt is usedo identify thecrystalline

phasegresenin materialsandto measurestructuralpropertiessuchasstrainstate,grain size,
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Figure3.14: X-ray diffractiongeometry{177]

defectstructure,phasecompositionand preferredorientation(figure 3.14). It is alsousedin
thin films andmultilayerfilms to determinegthicknessesndatomicarrangemenin amorphous
materials.In packagingnaterialsevaluation XRD canbeusedto investigatediffusionandphase
formationatinterfaces[17F

For ultrathin film analysigthickness< 100 m), thecorventionalBragg-Brentang —2 )
X-ray geometry(figure 3.15a)is not very useful becausef interferenceeffectsfrom the sub-
strate.A bettergeometryis alow incidenceangle(glancingangle)geometrybecausét allows
morematerialof the thin film to be sampledandprovidesinformationaboutthe crystallinity of
the samplesurfacewith reducednterferencdrom the substrate.

The grazingincidenceX-ray diffraction (GIXRD) geometryhasbeenusedto characterize
monolayeffilms [178]. With theincidentanglesmallenoughthe X-ray canpenetrate~ 10 —
20 m into the specimen. The exit angleof the diffracted X-ray is also small and structural

informationis obtainedabout( ) planesperpendiculato the specimersurface. However if
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Figure 3.15: (a) Bragg-Brentanadiffraction geometryfor thin films (b) Seemann-Bohlin
diffractiongeometry[177]

theincidenceangleis toosmall,theradiationwill notpenetratehesampleput will resultinstead
in evanescentvave (dueto total externalreflection)at the surface[179].

The Seemann-Bohlimiffraction geometry(figure 3.15b)issuitablefor thin film XRD. It
providesgoodsensitvity for thin films, dueto parafocusingndlargediffractingvolumebecause
theangleof incidence issmall(~ 5—10°), andX-ray pathlengthin thefilm is largebecausé
is proportionako 1/ . Theangleof incidence is normallyfixedandtheanglebetweerthe
diffractingplanesandtheincidentX-ray movesthrough2 asthedetectoisweepsheangle.The
geometryis mostusefulfor polycrystallinefilms thathave randomor nearlyrandomcrystallite

orientation[177,180].

101



Diffraction patternsfrom amorphousnaterialsdo not have sharppeaksthat characterize
crystallinematerials put ratherbroadfeaturegjualitatively indicateamorphousnaterial. Quan-
titative analysisof XRD datafrom amorphousnaterialsis complicatedput canprovide impor-
tantinformationon local atomicstructure(shortrangeorder),including bondlengths,number

of neighborsandthe extentof atomiccorrelationqd177].

3.3 Mechanical Analysis

3.3.1 Intr oduction

Mechanicakeliability for compositecontactmetallizationds anessentiapartof metalliza-
tion evaluationduring and after device fabrication. The primary concernis adhesiorbetween
layersin themultilayerstructurethatconstituteshe compositecontact.Monitoring thedegrada-
tion of adhesiorpropertiess important,andlong-termreliability testingis generallyperformed
undertemperature-humiditgycling.

Wirebondpull andshear(push)testingandbrazingfor die attacharenormallyusedto study
adhesiorpropertiesVertical pull force andhorizontalpushforce on bondpointscancausesep-
arationwithin the metallizationstructure sincethe wealestinterfacein the multilayer structure
will give way first. Thepull or pushstrengthatwhich this failureoccurscanbe measure@xper
imentally Thebondcanbeeitheraball or awedgedependingon thetype of wire bonderused.
The bondingschemeis a wire loop terminatingat two bond points seperatedy a horizontal
distance(d) (figure 3.16). The lengthof theloop andthe bond-to-bonddistancedeterminethe

angleof pull onthebondpoints.A simpleanalysisof theforcedistributionis shovn below.
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Wire Bonding and Die Attach [181]

Bondingbetweenwo dissimilarmetals(e.g. Au-Al) leadso theformationof intermetallics.
The propertyof theintermetallicformed (e.gbrittleness)will mostly determinethe strengthof
thebond.Excessie formationof intermetallicss manifestedn theform of anincreasen resis-
tance,intermittentconductionor anopencircuit. Intermetallicformationis normallyaccompa-
nied by Kirkendallvoiding, leadingto the brittle fractureof the wire bond. Becausadissimilar
metalsdiffuseinto eachotherat differentrates,an excessof vacanciess formedon the side of
thefastdiffusing metal. This vacanciesoalescéanto voids, knowvn asKirk endallvoids, which
actasastressconcentratar

Wirebondingwith samemetal(e.g.,Au-Au, Al-Al) elliminatesthe possibility of interface
corrosion, intermetallic formation, Kirkendall voiding and other bond degrading conditions.
However, the costof a Au-Au system,for example, may be a drawv back when considering
monometallicwire bonding,apartfrom additionaland/ordifficult processingtepsthatmay be

involved.

Wirebondpull testing

An appliedpull forceF onthe hook pulling ontheloop andthetensionon thewire bondT

arerelatedasshown in figure 3.16.

=2 = (3.77)

If the bond-to-bondlistances d, andthe lengthof wire loop betweerthe bondpointsis , we

defineafractionaldistancebetweerthesdengthsas, = —ie. 1—- =-
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Figure3.16: Wire bondpull andsheartesting

2 ad (2= °
(3.78)

= = 929 _ 2 <1

Therefore,

- (3.79)

This equationimpliesmeasuringl and or the differencebetweernthemandthe pull forceF is

enoughto estimatethe pull strengthon thebond.

Wirebondsheartesting

An horizontalforce canbe usedto pushon the wire bondto its shearpoint. The shear
force is proportionalto the bond contactarea. Part of figure 3.16 illustratesthe bond shear
testingstructure.Die attachsheartestingis similar to the bondshearesting(figure 3.17). The

differenceis thata largerareachip is brazedto a ceramiccarriet Betweenthe ceramicandthe
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Figure3.17: Chip brazedsheartesting

chipis apreformusedto solderor barzetheceramicandthechiptogether Thechipis thenpush

horizontallywhile the ceramicsubstratas heldin place.
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CHAPTER 4

EXPERIMENTAL PROCEDURES

4.1 Standard Procedures

Researclyrade4H-SiCfor this work waspurchasedrom Cree,Inc. The profilesof the 2
diameterwafersandtheir intendedusesarelisted in thetable4.1. The wafersweredicedinto

5mmx5mm piecedfor fabrication.

4.1.1 SampleCleaning

Substratecleaningis requiredto remove surfaceparticulatesaswell astracesof organic,
ionic andheary metallicimpurities. Thetwo stagesubstrat&leaningprocessncludesanorganic

cleanandRCA clean.

4H-SiC profile (cm3) Purpose

N sub0.7um epip(7 x 10! )/ p-ohmiccontact

0.3um epipT (3 x 10'9)

N sub0.7um epip(7 x 10% )/ p-ohmiccontact

0.3um epipT (3 x 1019)/impl. p* (1 x 1021)

Psub/epi *(5 x 1019) n-ohmiccontact

N~ sub/epi —(9.8 x 10%9) n-schottly contact

Semi-InsulatingsiC Metal sheetresistanceneasurements
Low quality SiC Sampledor RBS,AES andXPSanalysis

Table4.1: Profile of 4H-SiC purchasedrom Creeresearchnc.
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Organicclean

The purposeof this cleaningprocedurds to remove organicandoily contaminant®n the

substratesurface. Thesamplesvere:

e immersedn acetoneandagitatedn anultrasonicbathfor 5mins.

e immersedn trichloroetlyleneandagitatedn anultrasonicbathfor 5mins.

e immersedn acetoneandagitatedn anultrasonicbathfor 5mins.

e immersedn methanokndagitatedn anultrasonicbathfor 5mins.

e immersedn freshmehtanolndagitatedn anultrasonicbathfor 5mins.

e rinsedin de-ionizedwater(DI water)for 3mins.

¢ immmersedn buffer oxide etch(BOE) for 1min.

e rinsedin DI waterfor 2minsanddriedwith Ny gas.

RCA clean(Radio Corporation of America)

Thepurposeof this cleaningproceduravasto remove ionic andheary metalcontaminants

onthesamplesThesamplesvere:

e immersedin a 1:1 (solution) of HoO9:HySOy for 15mins. The mixture of H.Oy and

Hy SOy is exothermic.

e rinsedin DI waterfor 2mins.

e immersedn a20:6:6mixtureof DI HyO:HyO2:NH,OH warmedon hotplateto boil gently

for 15mins.

107



e rinsedin DI waterfor 2mins.

e immersedn a 20:6:6 mixture of DI HyO:HyO,:HCI warmedon hot plateto boil gently

for 15mins.

e rinsedin DI waterfor 2mins.

¢ immmersedn abufferedoxide etch(BOE) for 2mins.

e rinsedin DI waterfor 3minsanddriedwith Ny gas.

Thesecleaningprocedurearethesamerrespectve of thetypeof device thatis beingfabricated.

4.1.2 Photolithography

Photolithograpi is the processy which a maskaligneris usedto transferfeatureson a
maskonto a sample.A Karl SussMJB3 UV400 maskalignerwasusedfor this work. Square
TLM maskfeaturesand circular maskfeaturesfor diodesand MOS structuresare shavn in
figure4.1. Thelight sourceon the maskaligneris Karl SussUV lampwith anoutputpower of
160W The maskaligneris manuallycontrolledand2 — 3um featurescanbe alignedwith the
help of opticalmicroscopéhaving magnificationof 5, 10 and20.

The 5mmx5mm samplewasheldona 3 Siwafer, and AZ 5213-EIRphotoresisi{posi-
tive photoresistwas spunonto the samplefor 30sat a rotor speedof 4000rpm. The sample
wasthensoft baked on a hot plateat 110°C for about90sto dry the photoresisiand male it
more photosensitie. Underbakingor over bakingcanreduceor destry the sensitvity of the
photoresist.

Thesampleon3 Siwaferwasmountedonthe maskaligner andX, Y, and adjustment

of the sampletable was madeto bring the sampleinto alignmentwith the maskfeatures.By
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Figure4.1: (a) TLM masks (b) Diode/MOSMask
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exposingthe sampleto UV light throughthe mask the featureson the maskweretransferedn
thesample.UV exposuresvasmadefor about25s.

Following exposure samplesveredevelopedin a mixture of DI waterandMicroposit351
developeror AZ 400K developer Thevolumeratio DI waterto developerwas4:1. Thesamples
wereimmersedn this diluted developerfor few secondsDuring the time of developmentthe
partof the photoresisbn the sampleexposedto UV light waswashedoff, andthe samplewas
subsequentlyinsedin DI wateranddriedin Ny gas. Completedevelopmentof the samplewas
confirmedundera microsope.

Reversingthe effect of UV light exposureon photoresistkeepingthe photoresisexposed
to UV light stayson the sampleafter developmentwhile removing the partnot exposedcanbe
achieved by usinga negative photoresisbr simply reversingthe positive photoresisasfollows.
Spin-onthe positive photoresistand soft bake it for 30s,thenexposethe sampleto UV light
throughthe maskfor 25s. Thenbake the sampleafterexposurefor 60-90sat110°C. Exposethe
whole sampleto UV light througha clearmaskor no maskfor 60s. Developthe samplein 4:1

DI wateranddeveloperyeild the sameresultasobtainedusinga negative photoresist.

4.1.3 Sputter-deposition

All metalsin this studyweresputterdepositedn an Argon plasma.The sputtersystemis
a high vacuumsystem. It hasthree2 diameterPolarismagnetrorsputteringsourcesor guns.
Threedifferenttargetscanbe sputterecconsecutiely without breakingvacuumin this system.
A sputtertargetcanoperateatamaximumdc power of 12000Wor maximumRF power of 600W
andcathodegotentialcanbe betweer200-1500V The sputtergunsarecooledby 13°C water
circulatingbeneathhe cathodesurface. The depositiorrateis limited by thetypeandquality of

tagetmaterials.Largearea,uniformfilms canbe obtainedf thesamplesverelocatedat height
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or sofrom thetamet. Figure4.2 shaws the sputtersystemusedfor this study The metalsor
metallic alloys to be sputteredvere mountedon the magnetronsandsprayedcylindrical glass
chimneys were placedon the gunto confineandfocusthe sputteredmaterials. Sampleson 3
Si waferswere mountedon a plain disk carrieror a disk carrierwith capability of heatingthe
sampleduring sputterdeposition. The systemwas pumpeddown for about2 hoursto a base
pressuref abouts x 10~ torr.

To start sputterdeposition,cooling water circulationto the gun to be usedwas checled.
Argon gasflow wasseton an MKS 247 massflow controllerat 106.4sccnfor mostof the de-
positionin this work. At this flow rate, the chamberpressureaisesto about5mtorr but with
a butterfly valve of the turbo-pumpslightly closed,the pressuraisesto 20mtorrfor the depo-
sitions. Power was turned-onand the dc voltageto the cathodeincreseduntil an Ar plasma
wasgeneratedandthe pre-determinedputtercurrentattainedandstabilized. Off-sample,pre-
sputteringwas carriedout for few minutes,thenthe samplewasrotatedto a positionover the
sputtergun,andsputteringontothe samplecarriedout for aslong asrequiredto yield a desired
thickness.For every target, calibrationof the sputteringrate musthave beendonea priori. A

Tecnorprofilometeris usedfor a quick thicknessmeasurementpllowing deposition.

4.1.4 Annealing System

The high temperatureannealingsystemusedfor ohmic contactannealsis also usedfor
implant activation annealing. Temperaturesip to 1600 — 1700°C caneasily be attainedwith
this furnace. Heatingelementsn the annealingsystemaretwo carbonstrips, andthe current
throughthe stripsis controlledmanuallywith a variacwhile temperatures measuredvith an

Omaga pyrometerfocusedon the carbonstrip closeto the samples.The samplesvereheldon
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Figure4.2: Sputterdepositionsystenwith disk sampleholdershaving heatingcapability
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Figure4.3: Annealingsystenwith enlagedcarbonstripsshaving sample
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the carbonstrip with tungstenclips. The annealingchamberis pumpedto a vacuumof about
1 x 10~ torr for vacuumannealing.

Pawer is turned-orwhenthe chamberpressuras aboutl x 10~ torr, andcurrentthrough
the carbonstripsincreasedslonly. The annealingtemperaturg900 — 1000°C) is reachedn
2-3minswith avariacsettingof 40-45%.Most of theohmiccontactannealsverecarriedout for
1-2minsin vacuum. During annealingthe chamberpressuraisesto about2 x 10~ %torr. It is
alsopossibleto anneakamplesn Ar or Ny ambientswith this system After annealinghevariac
is setto zero,andthe power switchedoff. The annealingchambertemperaturelropsto room

temperaturén vacuumin about3 hours.Samplesvereremovedin Ar atatmospheri@ressure.

4.2 Device Fabrication and Measurements

4.2.1 Ohmic Contact Fabrication
Ohmic contactto pT-4H-SiC

Ohmic contactswere fabricatedon implantedand epitaxial p™-4H-SiC. The profiles of
thesematerialsarelistedin table4.1. The sequencdor ohmic contactfabricationis shovn in
figure 4.4. An aluminum-titaniumalloy (Al-Ti 70-30wt%) and nickel (Ni-V 93-7wt%)were
sputterdeposited.Contactannealdor the Al-Ti contacton the p*-implantedandp™-epilayers
wascarriedoutat1000°C for 2 minutesin vacuum.Theseconditionswerethe optimumfor low
resistanceontactd11]. Nickel contactsvereannealedn pT-implantedandp™-epilayerSiC at

900°C for 1 minutein vacuum.
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Figure4.4: Sequencéor ohmiccontactfabrication
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Ohmic contactto t-4H-SiC

Ohmic contactswere fabricatedon epitaxial T-4H-SiC (seetable4.1). The fabrication
sequencés the sameasfor p-ohmiccontacts A nickel-chromiumalloy (Ni-Cr 80-20wt%) and
nickel (Ni-V 93-7wt%)weredepositedContactannealgor Ni-Cr contacton *+-epilayersvere
carriedout at 1000°C for 2 minutesin vacuum.Nickel contactsvereannealedn T -epilayers

at950°C for 2 minutesin vacuum(5].

4.2.2 Schottky Contact Fabrication

Schottky contactswerefabricatedon 10um ~-epilayerson *-4H-SiC substratesising
the sequenceshowvn in figure 4.5. The sampleswere cleanedusing standardoroceduresafter
which a 30nmthermaloxide wasgrown at 1150°C' in dry o for about4 hours. Theseoxide
layerswere usedaseithersacrificialor passvating layers. For Schottk/ diodes,the sacrificial
oxide was stripedjust before photolithograply that definedthe Schottky diode feaures. After
photolithograply, nickel silicide wassputteredandthe samplesubsequentiginteredat 500°C
for 24 hours.

A secondsetof Schottly diodeswasalsofabricated. The back side oxide (oxide on the

T side) of the samplewas etchedin buffer oxide (BOE) for about1 minute while the front
sideoxide wasprotectedwith crystalbond. Nickel ohmic contactaverefabricatedon the back
side by sputterdepositionand high temperatureannealingat 950°C for 2 minutes. After the
fabricationof backcontactthe Schottky contactsvereformedby nickel silicide (Ni2Si) sputter
depositionthroughwindows openedin the front side oxide layer. The contactthicknesswas
about1000A. The Schottly diodeswereformedwith passvatingSiO, surroundingeachdevice.

This setof samplesvasnot sintered.
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Figure4.5: Sequencéor Schottky contactfabication
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4.2.3 Protective Stack Fabrication and Device Mesurements

Devicesoperatingat350°C in air have to beprotectedrom oxidationandcaplayer/contact
layer inter-diffusion. The protective metallizationfabricationsequenceés showvn in figure 4.6.
Tantalunsilicide (TaSh) wassputterdepositednohmicandSchottly contactsasdiffusion/oxidation
barrier About 15004 of tantalumsilicide wassputterdepositedn Ar andAr/ N gasmixtures.
Thena1000A platinumlayerwasdepositedollowedby caplayersof Au (120021) or Au/Sn/Au
(5004/254/7004). Cross-sectiorof ohmic and Schottky contactswith protectie stacksare
shavn in figure4.7.

During processingit wasobsenedthatsputteringPtat250°C improvedtheadhesiorwith
the Ta-Si-NlayerconsiderablyGoodadhesions essentiafor wire bondinganddie attach.The
metallizationsequencen figure 4.6 was subsequentlynodifiedto allow sputterdepositionof
Ptat250°C. Sincephotoresisstartsto carbonizeat this temperaturetchbackof Ptin anacid

solutionaswell aslift-of f with Mo wasused.Figure4.8 shavs the modifiedsequence.

Pt etch back

After sputterdepositiorandlift-of f of Ta-Si-Nlayer, thesamplesvereloadedbackinto the
sputtersystenonthesampleholderandPtwasdepostitecat 250°C'. Photolithograpi, to define
the contactareaswasconductedvith thethick photoresistAZ P4620,UV light exposuretime
of 1 minute. The photoresisbver the definedcontactregionswasbaked for about7 minutesat
110°C. Thebakingreducesundercuttingof the Pt during acid etchback. The etchantfor Ptis
1 N 3/3 CI o at95°C. Etching 10004 of Pt wascompletedn about6 minutes. The
etchingprocesss moreeffectivefor diodes/MOSeaturesvheretheseparatiometweeradjacent

devicesis large. It is a little difficult to etchthe fine featuresin a TLM pattern,especiallythe
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Figure4.6: Sequencéor protective metallizationon (a) ohmiccontact (b) Schottk/ contact
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Figure4.7: Device cross-sectiomf (a)ohmic (b) initial Schottky (c) new Schottly contacts
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Figure4.8: Modified sequencdor protectve metallization (a) ohmiccontactwith Mo lift-of f
(b) Schotky contactwith Ptetch-back
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lasttwo smallesigaps.To beableto etchthefinefeatured< um gaps)effectively, thesamples
stayslongerin the etchantandsignificantundercuttingon lagerfeatureswill occur

Thin Au caplayers(about1200;1) weredepositedbn samplesvith contactpadsre-defined
by photolithograply. The Au cap layer wasthen lifted-off everywhereexcepton the contact

pads.

Pt lift-off with Mo

To avoid etchingsampledn acid, molybdenumwasusedto lift-of f Pt. After Ta-Si-Nwas
depositedandlifted-off in acetonenormalphotolithograply wascarriedoutto leave photoresist
on the contactpadsafter development. Molybdenumwasthendepositedon the samplesand
the Mo on photoresisabore the contactpadswaslifted-off in acetoneleaving Mo everywhere
excepton the contactpads. As a result, Mo senesthe function of photoresisif the Ptis not
sputterdepositecit250°C. At thistemperaturdlo doesnotdiffuseinto SiC orthemetallization
on the samples.Thelift-of f of Mo with the Ptlayeron top of it is donein 5 5 in aboutl10
minutesfor aMo of about3000A.

A thin Au caplayer(aboutlzooﬁl) canbe depositever the Pt beforelifting-off the Mo,
sothatasingleprocesslefineshePtandAu caplayers.For thick Au (about600021) neededor
wire bonding,anothemphotolithograpl processamay be necessaryFor higherAu thicknesses,
photoresisspin-onmayberepeated or moretimesto accumulatehicker AZ 5214photoresist

onthesamplefor easietift-of f in acetone Alternatively, Au canbe etchedback.

4.2.4 Wirebondingand Chip Brazing

Large areasampleswverefabricatedusinglow quality SiC for wire bonding(1.8 x 1.8cm

samplesize) andfor die attach(0.5 x 0.5cmsamplesize)testing. The samplesvere cleaned
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usingstandardoroceduresFor indirectwire bonding,adhesiorof the protective stackto SiO,
was investicated. This structurewas also brazedon ceramiccarriers. CleanedSiC was first
oxidized,thenTa-Si-N, hot Ptandthick Au layersweresputterdepositebntothe oxide layer.

Adhesionof the protective stackto ohmic contactsand Schottky contactsfor the caseof
directbondingwasalsoinvestigated.The protective metallizationandcaplayersweredeposited
without breakingthevacuum.Thetop Au caplayerfor wire bondingwasabout6000A4 thick.

Thewire bonderusedis a computercontrolledultrasonicmodel. This equipments located
in the Centerfor AdvancedVehicle Electronics(CAVE) in the departmentbf Electrical and
ComputelEngineering Thebondelis capableof usingwire diametersn therangel 27—508 um.
Parametersik e bondforce,bondpower, bondtime, loop value,hopdistanceandsoonwerepre-
seton the system.This bonderoperatedy pressinghe bondingwire thermaosonicallyontothe
samplecap layer and thus forming a wedgebond (not a ball bond) on the sample. Careful
selectionof the input parameterdeadsto good wirebonding. For this work 25 pum (10mil)
diameterAu wire wasused. The Au wire waswedgedthermosonicallyat about230°C to the
6000A Au caplayer

Chipswerebrazedto a direct-bondcopper(DBCu) substratevhich is simply a Cu-coated
ceramic(4 2 3) substratevith Ni film onthe Cuandaandtop thin Au film ontheNi. DBCu
substratesverepurchasedrom Stellarindustries thenplatedwith thick Au (few microns)be-
causdheflashAu layeris toothin for brazing.The substratesvasdicedslightly biggerthanthe
SiC chipsto allow roomfor sheartesting. The brazingof the chip to the substratevascarried
out with the help of a Au-Snalloy (80-20wt%) preform. This preformwasselectecdbecausa
Au-Snalloy euteticoccursat < 320°C whichis very muchlower thanthe melting point of Au.
The preformwas sandwichedetweenthe chip andthe substratekeptundera load andplace

in the brazingmachine.The brazingwascarriedout at a pressureof about10~°torr. Thebraze
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Figure4.9: (a) Large areawire bondedsamplefor pull andbondshaertesting (b) Chip brazed
samplefor die sheartesting

temperaturg@rofilerampedrom roomtemperaturéo 300°C in 5 minutes andthenfrom 300°C
to 00°C over3hours.

Figure 4.9 shawvs brazedandwirebondedsampledor shearand pull testing. For both, a
Dagemicro-mechanicatestsystemwasused.The Dage-PC240@anapplya5kgforcefor bond

sheartesting,up to 100kgfor die sheartestingandup to 10kgfor wire-pull testing.

4.2.,5 Thermal Aging of Samples

All thesampledabricatedverefirst characterizeghysically, electricallyandmechanically
Thesepre-agingmeasurementare referredto as0-hr data. The samplesverethenthermally
agedat 350°C in air usingtwo furnaces- an old furnaceoperatedat 350°C' 24 hoursa day,

anda new programmablédox furnacewith atemperatureycling capability This furnacewas
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programmedo cycle from 25°C to 350°C' in 1 hour, remainat350° for 8 hours,thencycle back
to 25°C in 1 hour, remainat 25°C for another2 hour andthenrepeatthe cycle. At intenals
(100,500, 1000hr etc.) the samplesnvereremoved from the furnacesandcharacterizeégain.

This processontinuedfor thousandsf hoursof annealingn air at 350°C.

4.2.6 Measurements

The set-upfor TLM measurements showvn in figure 4.10. The total contact-to-contact
resistancevasmeasuredby passinga 1mA currentbetweenadjacenfTLM padsusinga Keith-
ley 220 programmablecurrentsource. The potential (milli volts) developedbetweenthe pads
wasmeasuredvith a Hewlett Packard3478Amultimeter Thus,whatwasmeasurediirectly by
the multimeteris the total contact-to-contaatesistanceasa function of the inter-contactspac-
ing. The contactresistancespecificcontactresistanceandsemiconductosheetresistancavere
thenobtainedfrom a TLM analysis. Sampleswithout andwith protective metallizationswere
measuredTLM measurementaerealsoperformedfor someprotectedstacksasa function of
temperturaupto 350°C.

Current-wltage(l-V) and Capacitance-altage(C-V) measurementsere carriedout for
the Schottky diodes. The set-upsfor the I-V andC-V measurementareshowvn in figure 4.11.

I-V measurementsp to 2V forward biasandreversebiasoutto -300V wereperformed.
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Figure4.10:(a) TLM measuremerdet-up (b) measuremergonfiguration
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Figure4.11: (a) Current-\6ltagemeasuremenset-up (b) Capacitance-dltage measurement
set-up
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CHAPTERS

RESULTS AND DISCUSSION

5.1 The Choiceof Barrier Layer Material

5.1.1 Silicide Barrier Layer

In supportof very large or ultra large scaleintegrated(VLSI or ULSI) microelectronics,
metal-silicon-nitrogerfM-Si-N) amorphousilms have beenstudiedascandidategor diffusion
barrierlayersbetweerinterconnectnetals(Cu, Al) andsilicon[112, 106,136].

In this study four silicide materials(MoSiy, WSis, TaSh andTasSiz) wereconsideredor
barrierlayerson SiC devicesfor hightemperatur@pplications.Theeffecivenesof TaSk, WSis
and MoSi, as diffusion/oxidationbarrier layersat 350°C' in air was investigated by sputter
depositingthe silicideson SiC. Platinumcaplayersweredeposited RBS dataof thesesamples
asafunctionof annealingimein air at350°C areshavnin figure5.1. BasedontheRBSspectra
thefollowing conclusioncanbe made.

1. Platinumpermittedoxygento diffusein air at 350°C.

2. Mo-Si andW-Si films underPt caplayerwereoxidizedwhenthesamplesvereannealing
in air. Mo-Si andW-Si layerswere almosttotally oxidized after 120 hoursand 780 hoursof

annealingn air, respectiely.

3. Significantmixing of W-Si with Pt caplayerwasobsened.

4, The Ta-Silayer shaved high resistanceo oxidationandlittle mixing with the Pt over-

layer.

Basedon theseresults Mo-Si andW-Si weredropedin preferencdo Ta-Siascandidatefor the

diffusion/oxidatiorbarriet
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Figure5.1: RBSspectraof (a) SiC/Mo-Si/Pt (b) SIC/W:Si/Ptand (c) SiC/Ta-Si/Pt
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TaSk and TasSi3

The choicebetweenTaSh and Ta;Sis for the depositionof Ta-Si-N was madein favor
of TaSh. Figure5.2(a)shaws that nitrogenwas actuallyincorporatedn the tantalumsilicide
films. The amountof nitrogenincorporatedncreasewith increasingpercentagef nitrogen
flow during sputterdeposition. Van der Pauw sheetresistvity measurementfigure 5.2(b)]
shovedthatabove 2% nitrogenflow theresistvity of the Ta-Si-Nlayerobtainedrom the Ta; Sig
tamgetincresegapidly andis significantlyhigherthanthe resistvity of Ta-Si-N layer deposited
using TaSk. Figure5.2(c)is the plot of nitrogencontentin the Ta-Si-N layer as a function
of nitrogenflow percentage.Films depositedfrom TasSiz contain more nitrogenand hence
aremoreresistive asindicatedby the van der Pauw resistvity measurementd\itrogenatomic
percentagem thefilms werecomputedusingfit to RBSspectraakenwith andwithout nitrogen
inthe aSis films. Theatomicratiosusedin thefits were Ta:Si:N=1:1.5:x, andthenitrogen
atomic fraction was computedas x/(1+1.5+x). The sheetresistanceof Ta-Si-N depositedon
semi-insulatingSiC using TaSh is shavn in figure 5.3(a)asa function of nitrogencontentand
time of annealingn air at350°C'. Thesheetresistancencreasesvith increasingnitrogencontent
in thefilm. For ary particularamountof nitrogenhowever, the sheetresistances very stable
with annealtime up to 5000 hours. However, it becamemore difficult to measurehe sheet
resistanceafter 2500hoursbecaus®f athin surfaceoxidelayerasindicatedby a gradualcolor
changeof the surfacefrom metallic gray to light gold. Figures5.3(b)and(c) shav the RBS
spectrausedto monitor the oxidationkinetics of the Ta-Si-N films. In thesespectra,oxygen
incorporatedduringfilm depositionwasobsenedthroughouthe films; however, oxygenin the

surfaceoxidelayerincreasesvith annealingime.
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Figure5.2: (a) RBS spectraof SiC/Ta-Si/Ta-Si-Nwith 0, 2, 5, 10%nitrogencontentoy flow rate
(b) vanderPauwsheetresistvity of Ta-Si-Nfrom TaSk andTa;Sig targets (c) Nitrogenaomic
percentagagainstnitrogenflow
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Figure5.3: (a) Sheetresistancef Ta-Si-N on semi-insulatingSiC againstannealime in air at
350°C (b) RBSspectraof Ta-Si-Nonsemi-insulatingsiC for 0 and5000hrgb) 0% and(c) 2%
nitrogenflow
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5.1.2 Structur e of Ta-Si-N

X-ray diffraction scansin figure 5.4 showv that the Ta-Si-N films with differentnitrogen
contentwereamorphougor possiblynanocrystallinepsdeposited.The XRD scansalsoshav
thatthe films are moreamorphousasthe nitrogencontentincreases.Thereare no obsenable
changesn the XRD scansafter 750 hoursof annealingn air or in an evacuatedquartztubeat
350°C. Annealingwasperformedo determinevhetherthefilms would becomepolycrystalline.
It is known thatamorphousnaterialsbecomepolycrystallinewith time at elevatedtemperature
[112]. Sinceamorphoudayersaregenerallygooddiffusionbarriersbecausef the absencef

grainboundariesthe obsenedamorphoustructureandits stability is a plusfor Ta-Si-N.

5.2 Resultson Ohmic Contacts

5.2.1 ContactsWithout Protective Metallization

TLM resultson ohmiccontactoonpt-4H-SiCand *-4H-SiCarepresentedh this section
for sampleswithout protective metallization. Thesesamplesverenot annealedn air afterfab-
rication. Theresultsarefor as-fabricatedbhmic contactsbut with differentcontactmetal, metal
thicknesseandcontactanneakonditions.

Total contact-to-contacesistancavasmeasurednsamplesannealedetweerf00—1000°C
for 1 - 2 minutes.Typical plotsof total resistancerersusinter-contactspacings shavn in figure
5.5. Usingthe equation,

R =2 r Ry, Rgp

(5.1)

the specificcontactresistanceand sheetresistaceof the implantedor epitaxial sampleswere
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Figure5.4: XRD scanof Ta-Si-Nwith 0, 2, 5, and10% nitrogenflow (a) as-sputteredamples
(b) samplesannealedn air at 350°C for 750hrs (c) samplesannealedn evacuatedjuartztube
at350°C for 750hrs
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Figure 5.5: Total contact-to-contactesistanceagainst inter-contact spacingfor (a) nickel
ohmic contacton ptTimplantedmaterial (b) nickel-chromium(80-20wt%) ohmic contacton
ntepitaxialmaterial
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Tamget 4HSIC  t(nm) Annealcondition M-
-impl. 240 /2min/Vac 16.4/1.8
-impl. 110 /2min/Vac 40.2/7.2
-epi. 100 /2min/Vac 67.8/13.5
-epi. 190 /2min/Vac 15.7/1.9
-impl. 300 /2min/Vac -/0.9
-epi. 200 /2min/Vac 43.6 11.9/2.0
-impl. 140 f2min/Vac 52.1/4.4
-impl. 100 /Imin/Vac 43.5/5.4
-epi. 100 /2min/Vac 42.6 -
-epi. 50 /2min/Vac 34.3 -/13.6
-epi. 100 /2min/Vac 53.6 -/5.2

/120min/ 53.6 5.2/14.2

-impl. 130 /2min/Vac 48.9/5.9
-impl. 100 /1min/Vac 60.3/7.4
-impl. 90 /2min/Vac -
-epi. 100 /2min/Vac 57.3 -/10.0
-epi. 100 /2min/Vac 41.2 -13.7
-epi. 50 /2min/Vac 39.6 -/8.3

Al1% Si/ -impl.  10/40 /2min/Vac -/1.9

Ti/Al1% Si/ -impl.  1/1/4 /2min/Vac -

Table5.1: Variousohmic contactsabricatedn this study Themetalin contactwith the SiCis
ontheleft for the caseof two or morelayers.Themetalsheetesistancé M — R,) columnhas
valuesbefore/afteicontactannealingt is the contactmetalthickness.

determined.Table 5.1 shows thelist of variousohmic contactshat werefabricatedduring the
courseof this study

RBSspectraof theas-depositedndannealedhickel contactareshavnin figure5.6. These
plotsindicatedthereactionof Ni with SiC athightemperaturé> 900°C) to form nickel silicide
which is ohmic on SiC. Nickel silicide sputterdepositecbn SiC from a silicide targetdoesnot

form anohmiccontactto SiC. A high temperaturgeactionis necessaryasreportedpreviously

[5].
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Figure5.6: Experimentand RUMP simulatedRBS spectraof (a) as-depositedickel contact
onSiC (b) nickel ohmicannealeadn SiC
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5.2.2 Ohmic Contact with Protective Metallization
Ohmic contacton p*-4HSIC

Thefirst setsof ohmiccontactson p™ 4H-SiC wereformedfrom 70-30wt%Al-Ti and93-
7wt% Ni-V. The protectve stackwas Ta-Si-N/Pt-Nandthe caplayerwas Au/Sn/Au. Tin was
sandwichedetweenAu layersto simulatethe 80-20wt% Au-Sn preform that was later used
for chip brazing. The percentagesf N» flow in the sputtergaswasO, 1, 1.5and2. These
percentagearethe fractionsof No flow rateto the total flow rate (Ar plus N2) during sputter
deposition.TLM resultsfor theas-fabricatecbhmiccontactswvith protective metallizationstacks
wereanalyzedo obtainthe specificcontactresistanceandsheetresistancef the contacts. At
certaintimesduringtheannealf in air, themeasurementsererepeatedFigure5.7 shavsthe
plot of specificcontactresistancandSiC sheetresistancasa function of annealingime up to
4000hoursfor 0 and2% nitrogencontentin the stack.

The specificcontactresistancendthe sheetresistancdor nickel contactwerestableafter
4000 hoursof annealing. However, the Al-Ti contactwithout nitrogenin the protective stack
shawved significantchangesn the specificcontactresistanceand sheetresistancevaluesafter
about2500 hour of anealing. The variationsmost probably mark the begining of the failure
of Al-Ti contactdueto the oxidationof Al. The Al-Ti contactwith 2% nitrogencontentin
the protective stackwasstill very stableafter 4000hoursof annealing.The obsened electrical
stability of the ohmic contactdestifiesto the effectivenesof the protective stackon the p-type
ohmiccontact.

Mixing/diffusion and oxidation of the compositeohmic multi-layeredmetallizationstack
were monitoredwith RBS and AES. Little oxidationandinter-diffusion were obseredin the

RBS spectraof figure 5.8(a)for the broadareaNi contacts. However, mixing is apparentin
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Figure5.7: Specificcontactresistancend SiC sheetresistancegainstannealingime for (a,c)
SiC/Ni(ohmic)/Ta-Si-N/Pt-N/Au/Sn/Au (b,d) SiC/Al-Ti(ohmic)/Ta-Si-N/Pt-N/Au/Sn/Au
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Figure 5.8: RBS spectraof p-ohmic contactafter 24, 1500 and 4000hrsannealing(a) nickel
ohmic contactwith 2% nitrogenin the stack (b) Al-Ti ohmiccontactwith 2% nitrogenin the
stack.
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the Al-Ti contactafter 4000hrs. AES datashaws betterresolutionof the very light elements.
Figure5.9(a)is for anunannealedas-depositedickel contact.Oxygenatthenickel surfacewas
obsenred, with lessoxygenthroughoutthe nickel and Ta-Si-N layers. The surfaceoxygenwas
picked-upwhenthe sputtersystemwasopenedio changetargets. Oxygenis alsoobsenedin
theohmicannealeahickel contacffigure 5.9(c)],but doesnotaffecttheelectricalcharacteristics
of the contactsadwersely During ohmic contactannealingNi reactswith Siin SiC leaving a
carbonrich surfacebetweenSiC andthe resultingNi-Si contact. The oppositesurfaceof the
Ni-Si contactis alsorich in C, andsurfaceoxygenis clearly visible asshavn in figures5.9(b)
and(d).

With or without nitrogenin the stack,the caplayersandthe Ptlayerdo not diffusethrough
Ta-Silayer. Tantalumsilicide effectively preventsthe diffusion of Pt and Au, thoughlimited
mixing is obsenred at the Pt-Au and Pt-TaSiN interfacesafter 1500 hours. The Snlayer sand-
wichedbetweenAu layersdiffuseinto the Au layerswith increasingannealingime.

Figuresb.10shavs thatcarbondiffusesmorereadilythroughthe Ta-Sibarrierlayerif there
is no nitrogenin the layer. 2% (by flow rate)nitrogencontentin Ta-Si-Nreducegherateof C
diffusionappreciably Sputterdepositionof thetantalumsilicide targetin an Ar/ Ny gasmixture
improvesthe barrierpropertyof Ta-Si-N significantly It is alsotrue thataftera 3000hranneal
in air theamountof o in the stackdoesnot increasesignificantlyabove the level obsenedin
the as-depositedamples As aresultthe electricalpropertiesof the compositecontactsemain

stableafter4000hrof annealingn air at 350°C.

Ohmic contacton nt-4HSIC

Ohmic contacton T-epilayerswerefirst fabricatedwith 80-20wt%Ni-Cr. The specific

contactresistancewith or withoutnitrogencontentin theprotective stack(Ta-Si-N/Pt-N/Au/Sn/Au)
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Figure5.9: AES spectrdor (a) as-depositedickel contactwith no nitrogenin the metallization
stack (b) as-depositedickel with 2% nitrogenin the stack (c) nickel ohmic contactwith no
nitrogenin thestack (d) nickel ohmicwith 2% nitrogenin the stack
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Figure 5.10: AES spectraof nickel ohmic contactsannealedn air at 35C°C for 1500hrs(a)
nickel ohmiccontactswith no nitrogenin the stack (b) nickel ohmiccontactswith 2% nitrogen
in the stack

143



wereverylow prior to annealinghesamplesn air at350°C'. For contactswithout nitrogencon-
tentandwith 1% (by flow rate)of Ny in the stack,it wasimpossibleto accuratelymeasurdghe
total contact-to-contaatesistancafter 24 hoursof annealingn air at 350°C. For stackswith
1.5% and 2% N rate,the contactresistancencreasesfter 24 hoursof annealingby abouta
factorof four. After theinitial increasethe specificcontactresistanceéemainsalmostconstant
for up to 4000 hoursof annealing. Figure 5.11 shaws the plots of specificcontactresistance
andsheetesistancaginstthetime of annealing. Thereasorfor thesudderincreasen contact
resistancés notapparenfrom theRBSdatawhereno appreciabl@xidationor diffusionwasob-
sened. AES spectrahowever, shavedthatthereis high diffusionof carboninto thebarrierlayer
asthe time of annealingncreasesso the increasean resistancanay be dueto the increaseof
carboncontentandits accumulatiorat the interfacebetweerthe ohmic contactandthe Ta-Si-N

layer. Figure5.12shovs RBSandAES plots.

5.2.3 Metallization with Hot Platinum

AdhesionproblemsbetweenTa-Si-N and Pt-N in the metallizationstackwere identified
duringthe brazingof the stackto a ceramiccarrier To overcomethis problem,Pt wassputter
depositedn SiC/.../Ta-Si-Nkeptat 250°C duringthe periodof Ptdeposition.This modification
increasesdhesiorbetweenPtandTa-Si-N dramatically The procesof ohmic contactfabrica-
tion with the protective stackwassubsequentlynodifiedbecauséhe photoresishormally used
to patternthe metallizationwill carbonizeat250°C' andbecomedifficult to remove. Molybde-
numwasfoundto besuitablefor lifting-off hot Ptin HyOs. An acidetchbackof thehot Ptalso

workedwell, exceptthatvery smallfeaturesof TLM weredifficult to etch.
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Figure5.11:(a) Plotsof specificcontactresistancagainstannealingime for Ni-Cr (80-20wt%)
ohmiccontactswith 2% nitrogenin thestack (b) Plotsof SiC sheetesistancagainstannealing
time for Ni-Cr (80-20wt%) ohmic contactswith 2% nitrogenin the stack
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Figure5.12:(a) RBSspectraof Ni-Cr (80-20wt%) ohmiccontactsafter24 and4000hrsanneal-
ing; AES spectreof Ni-Cr (80-20wt%) ohmic contactswith 2% nitrogenin the stack(b) before
annealingn air (c) aferannealingn air for 1500hrs
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All nickel ohmic contactwith hot Pt metallization

Becausef the successith nickel ohmic contactson pT-implanted4H-SiC, the decision
was madeto usenickel ohmic contactson both p™ and * materialwith Ptin the protectie
metallizationstacksputteredn hot substratesWith this modified metallizationscheme;TLM
measuremendn nickel ohmic contactsto p- and n-SiC were carriedout. Nickel ohmic con-
tactson p*-implanted4H-SiC was very similar to thoseobtainedbeforewith cold Pt in the
metallizationstack. This implied that sputteringPt at 250°C' doesnot affect the contactresis-
tancesignificantly (Figure5.13). For the ohmiccontacton *-epilayersthe contactresistance
increasegenerallywith annealingin air at 350°C. However, the total contact-to-contacte-
sistancefor several padsincreasedsharplyout of the normalrange(~< 10Q2) andthe direct
proportionalityof the resistanceo inter-contactspacingwaslost aftera few hundred=f hours
annealing.Ilt wasdifficult to determinethe problemwith the RBS (figure 5.14). BothRBS and
AES did notindicateoxidationof the contactsasthe causeof the problem.

Plotsof total contact-to-contaatesistancespecificcontactresistanceand SiC sheetresis-
tanceasa function of annealingtime for nickel contactson p- andn-SiC areshawvn in figures

5.15and5.16.

Contactresistanceat elevated temperatures

TLM resultsattemperaturespto 350°C for implantedsamplesandthecorrespondingpe-
cific contactresistanc@ndsheetesistancareshovnin figure5.17.Bothr andR,, approache
minimumyvaluesat elevatedtemperaturesThe contactpropertiesneasure@dtroomtemperature

werereproducedftermeasurementst elevatedtemperatures.
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Figure5.13: Total contact-to-contaatesistancef (a) cold andhot Ptin the metallizationstack
with no nitrogencontent (b) cold andhot Ptin the metallizationstackwith 2% nitrogencontent
(c) nickel ohmic contacton ntepilayerSiC with hot Pt and 2% nitrogenin the metallization

stackafterdifferentanneakimesin air
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Figure5.14: RBS spectrunof a nickel ohmiccontacton ntepitaxial4H-SiC.
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Figure5.15: Specificcontactresistanceind SiC sheetresistancdor nickel ohmic contactson
nTepitaxial4H-SiCwith hot Ptand2% nitrogencontentin the metallizationstack.
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Figure5.16: Specificcontactresistanceand SiC sheetresistancef nickel ohmic contactson
pTimplanted4H-SiCwith hot Ptin the metallizationstack.
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Figure5.17: Plots of (a) total contact-to-contactesistanceagainstinter-contactspacing (b)
Specificcontactresistancaginsttemperaturend (c) SiC sheetesistancagainsttemperature
for nickel ohmic contacton ptrimplanted4H-SiCwith 2% nitrogenin the metallizationstack.
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5.3 Resultsfor Schottky Contacts

5.3.1 1I-V and C-V Results

The metal contacton the first setof Schottky diodeswere sinterednickel silicide (Ni2Si)
with 0 - 2% nitrogen (by flow rate)in the stackmetallization. A significantdecreasen the
numberof good diodeswith 0% nitrogencontentwas obsered after only 24 hrs annealing.
After 1500hrs anneal.almostall deviceswith 0% and 1% nitrogencontentwerebad,andless
than50%of thediodeswith 2% nitrogenin the stackwerestill functional. Thefirst indicationof
problemswith thediodesvasthedropof 3to 6 ordersof magnituden currentat2V forwardbias.
Becausehe structureof the diodeswassuchthatthe protective stackdoesnot cover thewhole
of the silicide contact,it is believed that at 350°C' the exposedsilicides at the circumference
of the diode oxidizedandthat the oxide grew laterally underthe protective stack,thuscausing
anincreasdn theresistancef the contactmetal. The barrierheightor turn-onvoltageof the
devices incresedto more than doublethe initial value after 24 hrs anneal,but subsequently
remainedstablesubsequenthas shovn in figure 5.18. The ideality factoralsoshavs thatthe
diodesbehae moreideally after stabilizing. However, very few devicessurvivedthe 4000hour

anneal.

New Schottky devices

Thenew setsof Schottly deviceswerefabricatedsothatthe protective stackoverlayedthe
contactlayer anda portion of the passvating oxide layer arounddevices. Two setsof diodes
werefabricateddeviceswith unsinterechickel silicide contactsanddeviceswith Ta-Si-N used
asthecontactmetal.0, 2, 5 and10%by nitrogenflow ratewasusedin the stacks.The Ptin the

metallizationwassputterdepositechot andetched-backn anacidsolution.
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Figure5.18: Nickel silicide Schottly devices (a) forward J-V dependencen annealingtime
(b) reverseJ-V dependenc®n annealingtime (c) barrier height and ideality factor against
annealingime.
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The yeild anddistribution of the devicesaccordingto the leakagecurrentat -10V reverse
biasareshavn on barchartsin figure 5.19. The Ta-Si-N Schottly have higherleakagehanthe
nickel silicide Schottly, but Ta-Si-N devicesaremorestableasa functionof annealingime.

Thepurposeof the Schottly device wasto evaluatethe effectivenesof the protective stack
in air at 350°C, sinceSchottly diodesaremoresensitie to whateveris happeningtthe metal-
semiconductointerface.Thecurrentdensity- voltagecharacteristicef thenickel silicide Schot-
tky devicesareshown in figures5.20and5.21, while figures5.22and5.23show similar result
for the Ta-Si-Ndevices. Theforward characteristicsip to 2V andthereversecharacteristiceut
to -300V areshawn for variousnitrogenpercentagesvery slight shiftsto higherbarrierheight
weregenerallyobsenredfor all devices,but moresignificantlyfor deviceswith 0% nitrogencon-
tent. Theoreticalits to theforward characteristicsisingthethermionicemissionequationsvere
plottedwith the experimentaldatato monitorthe barrierheightandideality factorasafunction
of annealtime. The barrierheightsweregenerallystablewith time of annealingor both setof
devices. Theideality factorsof the diodesalsoremainstableandnearunity with annealingime.
Theseresultsimplied thatthe stacklayer effectively protectsthe contactsfor high temperature
exposuredn air. Figure5.22shaw plots of barrierheightandideality factorsasa function of
annealingime for deviceswith differentnitrogencontentin the stackmetallization.

Capacitanceneasurement&ere madewith the diodesunderreversebiasto -4V, in order
to extract barrier parameters.Plotsof (4/C)? againstthe magnitudeof reversepotentialare
shown in figures5.25and5.26for variousannealingimesandfor differentnitrogencontentin
thestack.

Thelinearity of (4/C)? indicateduniform dopingconcentratiorandthe fact that the mi-
nority carrierconcentratiorin thesedevicesare nggligible. More than70% of the deviceshad

linear characteristicghat remainedso after 1500 hr annealsin air. The barrier heightswere
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Figure 5.19: Bar chartof currentdensityat -10V reversebiasfor nickel silicide and Ta-Si-N
Schotthky devices(a) Ohr nickel silicide contacts (b) Ohr Ta-Si-N contacts (c) 1500hrnickel
silicide contacts (d) 1500hrTa-Si-N contacts
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Figure5.20: Nickel silicide Schottky devices(a) forward characteristicsvith 0% nitrogen (b)
reversecharacteristicsvith 0% nitrogen (c) forward characteristicsvith 2% nitrogen (d) re-
versecharacteristicsvith 2% nitrogen.
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Figure5.21: (e) Forward characteristicsvith 5% nitrogen (f) Reversecharacteristicsvith 5%
nitrogen (g) Forward characteristicsvith 10% nitrogen (h) Reversecharacteristicsvith 10%
nitrogen.
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Figure 5.22: Ta-Si-N Schottly devices (a) forward characteristicsvith 0% nitrogen (b) re-
versecharacteristicsvith 0% nitrogen (c) forwardcharacteristicgvith 2% nitrogen (d) reverse
characteristicsvith 2% nitrogen.
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Figure5.23: (e) Forward characteristicsvith 5% nitrogen (f) reversecharacteristicsvith 5%
nitrogen (g) forward characteristicsvith 10% nitrogen (h) reversecharacteristicsvith 10%
nitrogen.

160



Figure5.24: Nickel silicide Schottky devices(a) barrierheightagainstannealingime (b) ideal-
ity factoragainstannealingime. Ta-Si-N Schottly devices(c) barrierheightagainstannealing
time (d)ideality factoragainstannealingime.

161



Figure5.25: Plotsof (A/C)? againstappliedbiasfor nickel silicide diodeswith (a) 0% nitrogen
(b) 2% nitrogen (c) 5% nitrogen (d) 10% nitrogencontentin the metallizationstack.
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Figure5.26: Plotsof (A/C)? againstappliedbiasfor Ta-Si-N diodeswith (a) 0% nitrogen (b)
2% nitrogen (c) 5% nitrogen (d) 10% nitrogencontentin the metallizationstack.
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calculatedrom theintercepton the potentialaxis usingthe equation,
N
= —(1 — 5.2
6 =V —1 () (5.2)

wherefor 4H-SiC, N 82 x 108M(m /m )32 32em=3,
m = 0.37m , thenumberof equivalentconductiorbandminimais M = 3.
Thenfor T = 300K, N  1.69 x 10"¢m~3, andwith the measurediopingconcentration
of about2.5 x 106em =3,
E —Erp=( /) (N/N ) 0.17eV and¢ V020
Figureb.24alsoshovstheplot of the C-V barrierheightversugheannealingime. Thestability
of the barrierheightwith annealingtime supportsthe obsened J-V characteristicthoughthe
barrierheightsfrom the C-V measurementsrehighercomparedo thosefrom the J-V measure-
ment. C-V datawasobtainedwith the devicesin depletionunderreversebias,while for the J-V
characteristicghe barrierheightwasdeterminedvith the devicesforwardbiased.

RBS andAES spectrafor the Schottlky contactsareshown in figure 5.27. Neithersignifi-
cantinter-diffusion nor oxidationof the contactsvasobsened. However, movermentof carbon

within the stackwasobseredfrom the AES data.

5.4 Wirebondingand Brazing Results

5.4.1 Chip ShearTesting

Adhesionwithin the metallizationstackaswell asadhesiorof the stackto thermal SiO;
(indirect bonding) and to ohmic and Schottky devices (direct bonding)are essentialparts of
this study Indicationsof adhesiorproblemswere first noticedwhile brazingthe Ta-Si-N/Pt-

N/Au/Sn/Austackto athermaloxide. ThoughTa-Si-Nhasgoodadhesiorno SiO,, theadhesion
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Figure5.27: Nickel silicide Schottky contactswith 2% nitrogenin the metallizationstack (a)
RBSspectra (b) AES spectraafter1500hrannealn air.
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Figure5.28: Chip shearstrengthwith cold Ptin the metallizationstackagainstannealingime.

of the brazed5mm x 5mm sampleson their ceramicholdersdegradedsignificantlyin air at
350°C. Figure5.28shaws theinitial brazingresultsthatindicatesthat high nitrogencontentin
the stackmaybe detrimentako adhesion.

RBSspectreof ashearedampleshavedtheinterfacebetweenla-Si-NandPtis theweak-
estlink in themetallizationstack.ThisadhesiorwassignificantlyincreasedvhenPtwassputter
depositedn SiC/SiGy/Ta-Si-Nat 250°C. With hot Pt, adhesiorwasvery good,andthe stack
did notfail undermaximumshearforce (100kg). Theadhesionmemainexcellentwith annealing
time up to 1000hrs. Sampleghat passedhe sheartestingwere subjectedo additionalshear
testingafter furtherannealingn air. The stressincurredduring thefirst sheartestingseemso

healwith furtherannealing.
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Figure5.29: Chip shearstrengthwith hot Pt and2% nitrogenin the metallizationstackagainst
annealingime.
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5.4.2 WirebondPull and Shear Testing

Bond pull and sheartesting were carried out on the following metallizationstructures:
SiC/SiGy/Ta-Si-N/Pt-N/Au(indirectwirebonding),SiC/Ni-Si(ohmic)/B-Si-N/Pt-N/Au,
SIC/NiSi(Schottly)/Ta-Si-N/Pt-N/Au. Metallizationswith hot Pt on thermal SiO, and NiSi
Schotthys heldup very well. 100%of thetime, it wasthe Au wire thatbroke while doing pull
testing,andfor the sheartesting,the separatiorof thewirebondfrom the samplesvasabore the
Au caplayeronthesamplesFigure5.30(a)shavs the bondpull andshearstrengthsagainstthe
time of annealingfor the samples.The breakingmodeof the Au wire during pull testingand
sheartestingareshavn in figure 5.30(c).

Wirebondpull andsheartestsresultswerenot asgoodfor hot Pt stacksdepositeddirectly
onannealedhickel ohmiccontacts Many bondsfailedattheinterfacebetweertheohmiccontact
andthe Ta-Si-N layer. The reasonfor the failure wasattributedto carbonliberatedduring the
contactannealand left on the surfaceof the nickel silicide layer The RBS and AES results
in figures5.31and5.32 shav that a thin layer of carbonwasleft on the silicide surfacefor a
startingnickel thicknessof about120nm. The carbonwasprimarily surfacecarbon but thereis
considerablearbonthoughouthenickel silicide layeraswell. Figures5.31and5.32alsoshav
thatthe surfacecarboncanbe removedthrougheitheroxygenplasmaetchingor by ion milling
with alow enegy Ar beam(1keV, 5-8 minutes). Theratio of nickel to carbonat the surfaceof
as-annealedontactsvasaboutl1:2. On Ar ion cleanedsamplegheratio wasabout5:4 andon
the oxygenetchedsamplest wasabout3:1.

Theresultof cleaningshovedthatboth cleaningproceduresemove surfacecarbon;how-

ever, the Ar ion cleanalsoremoved a thin layer of left over nickel during incompleteohmic
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Figure5.30: Wirebondpull andshearstrengthsagainstannealingime for (a) metallizationwith
2% nitrogenandhot Pt on athermaloxide (b) metallizationstackwith 2% nitrogenandhot Pt
onanickel silicide Schottky contact (c) Au wire failuremodeandshearedvedgedobond.
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Figure5.31: RBSandAESresultsfor nickel ohnmiccontactga) RBS of ohmicannealedontacts
(b) AES of ohmicannealedtontacts (¢) RBS of RIE cleanedohmic contacts (d) AES of RIE
cleanedbhmiccontacts
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Figure5.32: RBS andAES resultsfor nickel ohmic contactga) RBS of Ar ion cleanedohmic
contacts (b) AES of Ar ion cleanedbhmiccontacts.
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contactannealing.OxygenRIE could not remove the nickel which is sometimesusedas pro-
tective maskduringoxygenRIE. Theresultof wirebondpull andsheartestingshavedthatRIE
sampledid not shov muchimprovementin adhesiorbecaus®f the unreacteadickel. However,
for the samplescleanedusing Ar, whereboth carbonand nickel surfacelayerswereremoved,
thereis significantimprovementin the adhesiorasshown in figure 5.33. At 1000hrannealing,
theadhesioris still good. Picturesof failed metallizationon nickel ohmic contactsareincluded
in figure 5.33. Direct wirebondpull andsheartestresultson annealed0-20wt% Ni-Cr or as-
depositedNi with hot Pt werealsonot goodasa resultof the sameproblemsdescribedor the

annealedickel contacts.
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Figure5.33: (a) wirebondpull andshearstrengthof Ar ion cleanedickel ohmic contacts (b)
pictureof failedwirebondand (c) pictureof goodpull andshearmonding.
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CHAPTER 6

CONCLUSIONS

Variousohmic contactswerefabricatedn this study andfabricationconditionswere op-
timized to obtain very low specificcontactresistance.Low contactresistancas essentiako
minimize power lossesn high voltage/highcurrentdevices. Specificcontactresistances the
rangel.1 x 1073 t06.9 x 1075Q — e¢m? wereobtained.

RBS resultsshaved that of four silicides studiedfor useas diffusion/oxidationbarriers,
tantalumsilicide sputterdepositedrom TaSk wasmoreresistanto oxidationandmoreeffective
asadiffusionbarriercomparedo Ta; Sis, molybdenursilicide andtungstersilicide. Evenwith
Ptcaplayers,Mo-Si andW-Si oxidize becaus®f oxygendiffusionthroughthe caplayers.

Tantalumsilicide sputterdepositedrom TaSk in an Ar/N» gas mixture haslower sheet
resistanceomparedo tantalumsilicide from Ta; Sis. The sheetresistanc®f Ta-Si-Nincreases
with increasingritrogencontentin thefilms. Ta-Si-Nfilms with 0, 2, 5 and10%by nitrogenflow
ratein the sputtergaswereamorphouss-depositecandthey remainamorphousfterannealing
for 750 hoursin air or vacuumat 350°C. It wasobsened from XRD thatincreasingnitrogen
contentin the films madethemmore amorphous.The Ta-Si-N films areresistanto oxidation
andamorphousvith gooddiffusionbarriercharacteristicssothatthey aresuitablefor thejob of
protectingohmicandSchottly contactsoperatingat elevatedtemperaturén air.

The protective metallizationstack, Ta-Si-N/Pt-N/Au, was found to be very effective on
ohmicor Schottly contactsannealedn air at350°C'. PhysicalcharacterizatiolfAES andRBS)
shovedthatthe protective metallizationstackpreventsrapid oxidationof the contactsandmin-

imizesinter-diffusion/mixingwithin the contact/stackcombination. RBS dataafter 4000 hour
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annealsn air at 350°C' andAES dataafter 1500hourswereanalyzedor signsof oxidationand
diffusion.

For ohmic contactshowever, carbongeneratediuring the high temperaturehmic contact
annealis very mobile, andit diffusesthroughthe barrierlayers,especiallythosewith zero ni-
trogencontent. Barrier layerswith 2% nitrogenare muchmore resistantto carbondiffusion.
For pt implanted4H-SiC, the movementor accumulationof carbondoesnot affect the elec-
trical characteristicg¢specificcontactresistanceand SiC sheetresistanceyignificantly But for
nt epitaxial SiC, the total contact-to-contaatesistancéetweenTLM adjacentpadsincreased
significantly with increasingannealtime in air. The conclusionwas that carbonaccumula-
tion/diffusion increasedhe resistanceof the contact. The effect noticeablebecausénitially,
thecontact-to-contaaiesistancefor then-epilayersveremuchlower thanfor thep™ implanted
material.

For Schottly devices,J-V characteristiceand C-V characteristicsverelargely stablewith
annealingtime. Ta-Si-N Schottly deviceshadhigherreverseleakagecurrentsthanthe nickel
silicide Schottly devices. Barrier heightsand ideality factorswere determinedfrom the J-V
andC-V measurementiy fitting the experimentaldatato theoreticaltransportequations.The
barrierheightfrom the J-V datawerelower comparedo the C-V data,andthe barrierheights
of Ta-Si-N Schottly deviceswerelower thanthoseof the nickel silicide devices. This accounts
for the higherleakagecurrentsof the Ta-Si-N devices. Increasingnitrogencontentin Ta-Si-N
Schottky contactimprovesthe stability of the barrierheightandideality factorwith annealing
time in air. Without the protective stack,oxidationof nickel silicide Schottk/ contactand Au
diffusioninto the contactwasobvious afterjust 24 hoursof annealingn air at 35¢°C.
Adhesiontestscarriedout on the samplegesultedn thefollowing obsenations.

1. Initial die attachsheartestingshaved degradedadhesiorwith annealingime in air andwith
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increasediitrogencontentin the metallizationstack.

2. Sputterdepositiorof Ptat250°C' increasec@dhesionwith die shearstrength@bove themax-
imum possibleof 100kg,for up to 1000hourannealingn air.

3. Hot Pt metallizationstackson SiO, (for the purposeof indirect wirebonding)were wire-
bondedwith 10mil Au wire. Wirebondpull andshearestingshovedthatthe adhesiorwith the
stackwasexcellent,with no degradationfor up to 2000hourof annealingandtesting.

4. Direct wirebondingon nickel silicide Schottky contactswith hot Pt stacksshaved that ad-
hesionwasvery good. Bond pull andsheartestresultswerevery stablefor annealtimesup to
1000hours.

5. Direct wirebondingon annealechickel ohmic contactswith hot Pt stacksresultedin poor
adhesion.However, Ar ion cleaningthe samplegust after the ohmic contactannealimproved
adhesiondramaticallyand producedbond pull and shearresultsthat are very stablefor 1000
hourannealglongerannealsarecurrentlyundervay). It wasconcludedhatthe problemof ad-
hesionon the as-annealedhmic contactsvasdueto the surfacecarbonandunreactedsurface
nickel left afterthe contactanneal.

Moredetailedstudiesof thedifferencedetweerohmiccontacicharacteristicgor implanted
andepitaxiallayersis essential Also, further studyof the ability of the Ta-Si-N barrierlayerto
preventdiffusionandoxidationat highertemperaturessay400- 500°C, would beinformative.
Modification of the ohmic contactannealprocessy the introductionof a protectie layer on
the contactmetal during the annealor by the addition of a sticking layer betweenthe ohmic
contactandthe barrierlayer may prevent the needfor Ar ion cleaningof the contactsbefore
stackmetallization.Theseoptionsneedto beinvesticated.

This study hasbeenbasedon the applicationof a comprehensie setof characterization

techniques electrical(l-V, C-V, LTLM), physical (RBS, AES) andmechanica(wirebondpull
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andsheartesting). Basedon the applicationof thesetechniquedor the contactmetallizations

studied thefollowing recommendationsanbe madefor the formationof composite high tem-

peraturecontactdo 4H-SiC:

A protectve stack, Ta-Si-N/Pt-N/Au,with 2% nitrogencontentand Pt sputterdeposited
at250°C, is an effective diffusion/oxidationbarrierfor ohmic and Schottky contactsop-

eratingin air at 35C¢°C'.

Sputterdepositednickel (~ 100nmthick) annealedat 900°C' for 1 minute in vacuum

makesanacceptabl®@hmiccontactfor heavily dopedp-4H-SiIC(N > 3 x 10%em3).

SputterdepositedB0-20wt% Ni-Cr (~ 100nmthick) annealecat 1000°C for 2 minutes

in vacuumcanbe usedfor ohmiccontactson nt epitaxialSiC.
Sputterdepositedhickel silicide formsa stableSchottky contactson n~ epitaxialSiC.

Nickel silicide Schottly contactswith the protective stackcanbewirebondedirectly (on

silicide) or indirectly (on SiOs)

Argonion cleanednickel and nickel-chromiumohmic contactswith the protectie stack

canbewirebondedlirectly. Withoution cleaning,ndirectwirebondingis necessary
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