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Directedby JohnR. Williams

Compositeohmic and Schottky contactsfabricatedon 4H-SiC for applicationsin air at

350
���

aredescribedandevaluatedin this study. The ohmic contactswere fabricatedon p�
implantedandn� epitaxialmaterials,while theSchottky contactswereonn � epilayers.

Thesecontactswereprotectedfrom theharshenvironmentwith thefollowing metallization

layers:Ta-Si-Nservedasdiffusion/oxidationbarrier, Pt-Nsputter-depositedat250
� �

promoted

adhesionbetweenthediffusionbarrierlayerandtheAu caplayerandit alsoactsasa barrierto

Au diffusion. A gold caplayerwasdepositedfor thepurposeof wirebondingto thedevice or

die attachto acarrier.

Thecompositecontact’selectricalandphysicalcharacteristicsweremonitoredasafunction

of annealingtime in air at 350
� �

. For the ohmic contact,characteristicssuchas the specific

contactresistanceandSiCsheetresistancedeterminedfrom TLM measurementsweremonitored

with timeof anneal.Contactparametersof nickel ohmiccontactonheavily implantedp� 4H-SiC

materialswerevery stableup to 4000hoursat 350
� �

in air. 70-30wt% Al-Ti ohmiccontacts

iv



on implantedp� , 80-20wt% Ni-Cr andNi ohmic contactson epitaxialn� 4H-SiC werealso

studied.

Currentdensity- voltageandcapacitance- voltagecharacteristicsof nickel silicideandTa-

Si-N schottky contactswerestudiedasa functionof annealingtime in air. Parameterssuchas

thebarrierheightandideality factorof thedevicesweremonitoredandfoundto bestableasthe

deviceswereannealedin air.

Adhesioncharacteristicsof the metallizationstack(barrier layer, Pt layer andAu layer)

on thermaloxides,Schottky contactsandohmic contactswere investigatedin this study. All

the contactshave goodadhesionto the metallizationasfabricatedexceptfor the nickel ohmic

contactsthatneededAr ion cleaningto improve its adhesionto themetallizationstack.

In all cases,inter-diffusion within the metallizationand oxidation of the contactswere

monitoredwith RBS(Rutherfordbackscatteringspectrometry)andAES (Augerelectronspec-

troscopy).
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CHAPTER 1

GENERAL INTRODUCTION AND SIL ICON CARBIDE

1.1 General Intr oduction

1.1.1 Why This Work?

Theneedfor costeffectivehighpower/hightemperaturesemiconductordevicesis essential

to supportadvancementsin power electronicandmicroelectronictechnologythatareimportant

andmuchneededasweenterthe21stcentury.

Applicationareasarenumerous,including[1] :

, High powerswitchingfor electricutilities, industrialmotorcontrolandelectricvehicles.

, Sensors,controlsandpower managementfor theaerospaceandautomotive industries.

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

petroleumdrilling industry.

The technologicalimplicationsof advancedelectronicsarehuge,andsoalsoaretheeco-

nomic implications. Millions of dollarscanbe saved for aircraft andspacecraftasa resultof

reducedspaceandsize,higherefficiency for power/fuelusage,simplersystemdesign,andim-

provedlong-termreliability [2]. In theautomotiveindustry, hightemperature,on-enginesensing

will leadto higherfuel efficiency andlesspollutionof theenvironment.

TheUS Departmentof Defencerequireswide bandgapdevicesandcomponentsolutions

for moreelectricships,aircraftandvehicles,spaceplatforms,anddirectedenergy missions.A

near-termgoal for theAir Forceis thedevelopmentof advancedmotordrivesfor flight control
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andspacevehicleapplications,andconverters/invertersfor power conditioningapplicationsin

moreelectricaircraftanddirectedenergy systems[2].

It is well known that Si-baseddevicesarenot capableof high temperatureor harshenvi-

ronmentoperation.Therefore,majorimprovementsin systemperformancefor extremeenviron-

mentswill result from the successfuldevelopmentof wide bandgap semiconductormaterials

likeSiC, thegroupIII-nitrides (GaN,AlN andBN) anddiamond.

Diamondtechnolgyis still in its earlystagesof development.Thedirectbandgapnitrides

arebeingdevelopedfor blue-UV optoelectronicapplications.SiC is themostdevelopedof the

wide bandgapsemiconductors,andthe4H polytypeis particularlysuitedfor high power/high

temperatureapplicationsbecauseof its intrinsicpropertiessuchaslargerbandgapenergy, higher

breakdown field strength,highersaturatedcarriervelocity, higherthermalconductivity andmore

isotropic bulk carrier mobility [3]. For high power applications,4H-SiC materialproperties

promisehigherpower density(reducedsizeandweight), lesscooling,improvedoperatingeffi-

ciency andgreaterreliability.

Theadvantagesof SiC for high power/hightemperatureapplicationscanbetranslatedinto

practicaldevicesonly if advancedmetallizationandpackagingtechnologiesaredevelopedthat

allow devicesto operateunderextremeconditions.Thedevelopmentof harshenvironmentmet-

allizationschemesthatarecompatiblewith high temperaturepackagingtechnologyis thefocus

of thiswork.

1.1.2 Objectives

Thegoalsof thiswork arethefollowing:, Develop an advancedSiC metallizationprocessfor ohmic andSchottky contactsthat is

suitablefor long termoperation( - 10khr) in air at 350
� �

.
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, Developa protectionschemeagainstoxidationandmetal-interdiffusion,therebypreserv-

ing thecharacteristicsof themetal-semiconductorinterfaceandtheelectricalperformance

of thecontacts.

, Make themetallizationprocesscompatiblewith high temperaturepackagingtechniques.

1.1.3 To Accomplish the Objectives

Typical compositecontact layout

For high temperature/highpower devices, composite(multilayer) contactsthat arecom-

patiblewith the techniquesandproceduresusedfor packaging(wire bondinganddie attach)

have beenproposed[2]. A typical compositecontactis shown in figure 1.1. The simplest

compositecontactwill have threemetallizationlayers:(1) ohmicor Schottky contact,(2) diffu-

sion/oxidationbarrierlayerand(3) caplayer.

An ohmic contactmust have symmetriccurrent - voltage(I-V) characteristicswith the

lowestpossiblespecificcontactresistance.A Schottky contactis ametal-semiconductorcontact

with asymmetricI-V characteristics.It shouldbe ableto turn-onat low forwardvoltages,and

the reverseleakagecurrentshouldbe aslow aspossible.Thediffusion/oxidationbarrierlayer

musthave metal-like conductionwhile preventing,or at leastslowing, the intermixingof stack

layersaswell asreducingtheoxidationof thecontactlayerwhich canleadto increasedcontact

resistance.Becauseof thenon-idealityof thebarrierlayer, it maybenecessaryto introduceother

layers(e.g.,a suitableadhesionlayer) in themetallizationstack.Finally, thecaplayermustbe

suitablefor packagingthroughwirebondingor dieattach.
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Figure1.1: Typical compositemetallizationscheme( [2] )

Ohmic contact

Ohmiccontactscanbefabricatedto eithern-typeor p-typeSiC.

n-typeohmic contact- Nickel-basedcontactson n-SiC have beenmorewidely reportedcom-

paredto othermetals[4, 5, 6]. Specificcontactresistancebetween.0/1.�2 ��3 and .0/4.#2 �5�6�7'8:9 � canbefoundin literature,dependingon theprocessingmethodanddopingconcentration.

Nickel-basedcontactsareknown to be thermallystable,andso areappropriatefor this work.

Nickel reactswith SiC at temperatures;	<=2>2 � � , forming silicidessuchasNi � Si which is an

excellentohmiccontact[5, 6].

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

form ohmiccontactsto p-SiC[7, 8]. Al-Ti formsanohmiccontactto moderatelydopedp-SiC

whenannealedat temperaturesabove ?>2=2 �#� [7, 8]. A greatdisadvantagefor theAl-basedcon-

tact is thepossibileoxidationof Al during long-termoperation.However, ohmiccontactswith

excellentuniformity andreproducibilityhave beenreportedwith Al-Ti alloys [9, 10, 11]. The
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70-30weightpercentAl-Ti alloy is goodfor p-SiCohmiccontactsbecauseof reducedspiking

of Al into theSiC.Thecontactis morereproducible,andthecontactlayer/SiCinterfaceis much

smotherfollowing thecontactanneal.70-30Wt% Al-Ti will beusedin thiswork for ohmiccon-

tactonp-SiC,andwewill investigatethethermalstabilityof thisalloy at @BA�2 ��� in air. Ni-based

alloyswill alsobeinvestigatedaspossiblecandidatesfor ohmiccontactsto heavily dopedp-SiC

( -
.#2>�DC 869 � " ).
Schottky contact

Nickel silicide will be sputter-depositedfor Schottky contactson n � 4H-SiC.PureNi has

beenconsidered,aswell. However, Ni reactswith SiC at about E=2>2 � � to form nickel silicide.

This reactioncould affect the Schottky characteristicsduring the long-termthermalstability

investigationwe intendto carryout. Sputterednickel silicide is expectedto morestable.

Diffusion/oxidation barrier layer

An effective diffusion barrier is necessary, especiallywhereit is impossibleto eliminate

thermodynamicdriving forcesfor reactions.An extensive body of literatureexists for barrier

layersusedin silicon VLSI/ULSI applications.Transitionmetalsilicides(e.g. TaSi� , MoSi� ,
WSi� ) havebeenusedsuccessfully. Thesesilicideswill bestudiedaspossiblediffusionbarriers

in SiCcompositecontacts.

The rate of masstransportthrougha polycrystallinematerial is noticeablyenhancedby

migrationalonggrainboundaries.Thesilicideswewill considerfor diffusionbarriersaresome-

times polycrystallineor amorphousdependingon the depositionprocess. Diffusion through

a polycrystallinematerialcanbe reducedsignificantlyby ”stuffing” the grain boundarieswith
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smallelementssuchasnitrogenor carbon[139]. Grainboundariesarenotaproblemif themate-

rialsareamorphous;however, crystallizationduringlong-termoperationatelevatedtemperature

is apotentialproblem.

Wewill sputterthesilicide barrierlayersin FHG=��I � gasmixturesin orderto produceamor-

phousbarriersor to improve thepropertiesof polycrystallinediffusion/oxidationbarrierlayers.

Cap layer and packagingissues

Layersabove the barrier layer have to be oxidation/corrosionresistantandmustbe com-

patiblewith thediffusionbarrier(adhesionandstability). Caplayersneedto besuitablefor the

envisionedpackagingsheme:e.g.wirebonding,die attachor brazing.

All compositemetallizationschemeswill bedevelopedfor @BA�2 � � operationin air. Com-

posite contactstackswill be evaluatedelectrically (LTLM, I-V, C-V) and physically (RBS,

AES/XPS,XRD). Mechanicaltechniques(shearandpull testing)will be usedto evaluatethe

durability of thewirebondsanddie attachments.Deviceswill be subjectedto temperaturecy-

cling at @=A>2 ��� in air.

1.2 Silicon Carbide

1.2.1 Intr oduction

Silicon carbide,originally called mineral moissanite,hasbeenknown to exist naturally

sincethelate1800s.It gainedattentionbecauseof its chemical,thermalandmechanicalstability

[12]. Basedon theseproperties,SiC hasbeenusedlargely in industryfor grindingandcutting.

Acheson[13] wasthefirst to devisea methodof producingSiC on a largescale,andthelargest

market originally wasfor useasanabrasive. However, otherapplicationsweresoonexploited
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- including cheapheatingelementswith long lifetimes, coatingof uraniumgrainsfor the fuel

elementsof nuclearreactors,reinforcedmaterials,etc.PolycrystallineSiCwith binderswasfirst

usedin commercialelectricaldevicesas lightning arrestorsto protectequipmentfrom power

surges[12, 13].

Major scientificintereststartedwhencrystallographersobservedthathexagonalSiC is ca-

pableof crystallizinginto many differentformscalledpolytypes.ZnSis anothersemiconductor

thatoccurswith similar structuralvariations.SiC is however uniquebecausethesemiconductor

bandgapis polytypedependent,typically between2.2eV for cubicSiCto 3.3eV for thewurtzite

structure[12].

SiC is sometimesrefferedto asboth theoldestandyoungestsemiconductor[12]. Lossew

[14] in 1907discoveredtheelectroluminescenceof thesemicondutorwhile experimentingwith

SiC crystals. The first systematicanalysisof the semiconductorpropertieswasconductedin

1945by Busch[15] usingmaterialfrom theAchesonSiCcrystalcollections.Becauseof thedif-

ficulty of growing goodqualitysinglecrystalsat thetime,progresswasslow towardsexploiting

thesemiconductorcharacteristicsof thismaterial.

Cree,Inc. introduceda 25 mm singlecrystalwafer of 6H-SiC in 1990 [16]. However,

known materialproblemssuchastheexistenceof micropipedefects(smallholespenetratingthe

wafersparallelto thegrowth direction)persisted.Micropipediametersvariedfrom lessthanone

micron to tensof microns,andthe micropipedensitywasabout .#2�J 869 �5� . By the year2000,

noticeableimprovementsin wafer quality hadbeenachieved. Seventy-five millimeter wafers

with A>2K'L.#2>2�MON�PQNSRUTV� 8:9 � wereavailable. Waferswith asfew as @ WXAUMON�PQNSRUTV� 869 � have been

reportedrecently[16]. In 2004,Nakamura,et al.[17] reporteda modifiedgrowth methodthat

hasled to ultra-highqualitySiC singlecrystalsthatarevirtually dislocationfree.
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1.2.2 Crystal Structur e

Thefundamentalunit of SiChasa tetrahydralstructurewith four nearestneighborC atoms

bondedto Si ( �YP � J ) or four nearestneighborSi atomsbondedto C (
� �YP J ). BondingbetweenSi

andC is primarily Z[?=?B\^] covalent,therestof thebondingis ionic. [20]. Polytypismis themost

remarkablefeatureof SiC.Polytypismmaybedefinedastheability of asubstanceto crystallize

into a numberof differentmodificationsin all of which two dimensionsof theunit cell arethe

sameandthethird dimensionis avariable,integralmultipleof acommonlength[12]. Two base

vectorsof the hexagonalunit cell are _`�a �b_` � �c@ Wd2Be�? ˚F while the third basevector _8 is an

integralmultipleof f WXAO.#? ˚F . Thedifferencebetweenthepolytypesis in thestackingorderof the

basicbuilding blockswhichareclosepackedSi-C tetrahedra.In all polytypes,any Si or C atom

hasthesamefirst andsecondcoordination.Everyatomhasfour first neighborsof theotheratom

andtwelve secondneighborsof thesameatom.Thereareover 200known polytypes,andsome

polytypesdo not have a repeatingpatternuntil afterhundredsof layers[21]. SiC is a bi-layer

compound,abovethecenterof atriangleformedby threeSi atomsis acarbonatom.ThethreeSi

atomsform in anhexagonalnetwork formingthefirst Si layerof thestructure.ThefouthSi atom

of thetetrahydralbelongsto thesecondlayerof theSi network. TheSi atomin thesecondlayer

bondsdirectly to thefirst carbonlayeratomsdirectlyaboveit. Theatomsof thethird Si layerare

connectedalsoin unilateralpositionto theatomsof thesecondcarbonlayer. They mayoccupy

a positionhaving its projectionon theatomof thefirst Si layer or at the centerof the triangle

not coveredby theprojectionsof theatomsof thefirst carbonlayer. Identicalsuccessive layers

of tetrahydraareorientedeitherparallelor anti-parallel.Differentstructuresariseasa resultof

thecharacteristicsuccessionor alterationof tetrahydral layers,formingarepeatingunit. If every
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layeris parallelto apreceedinglayer, acubicstructureis formed,but if anti-parallel,ahexagonal

structureis formed[20].

The Ramsdellnotation[22] for polytypesis the mostcommonnotation,while Zhadanov

[23] is anothernotationthat is sometimesused. Ramsdellnotaionhasa bravis lattice type of

structure(H - hexagonal,C - cubic,R - rombohydral). Preceedingthis letter is a number(eg.

3C,4H, 6H),whichspecifieshow many bi-layersform therepeatingstructurealongthestacking

direction.

The most commonof SiC polytypesbeing developedfor electronicapplicationsare 3C

( % -SiC), 4H and6H ( $ -SiC). 3C-, 4H- and6H-SiC stackingsequenceareshown in figure 1.2

[24].

Thereis a closecorrelationbetweencrystallograhpicandsemiconductingproperties.Even

within a givenpolytype,someimportantelectricalpropertiesarenonisotropic,that is, they are

strongfunctionsof crystallographicdirection (e.g. electronmobility for 6H-SiC) [25]. It is

known experimentallythatgrowth temperature[26] andpressure[27] affect polytypedistribu-

tion, andimpuritiesmayalsohaveanaffect [13, 26].

1.2.3 SemiconductingProperties

Silicon carbideis a wide bandgapsemiconductor( gihK� 2.2-3.3eV) like GaN( gihK� 3.4

eV) andAlN ( g h � 6.2 eV) [16], andSiC is the only known compoundsemiconductorthat

canbe oxidizedto form a high quality native oxide (SiO� ). Silicon carbidecanbe dopedin-

situ during growth by introducingnitrogenor phosphorousfor n-typeconductivity andeither

aluminumor boron for p-typeconductivity. Doping concentrationrangesfrom .#2 a J 8:9 � " to;c.#2 a+j 8:9 � " [28]. Selective dopingcanbe achieved by high energy implantation. The usual

dopingmethodfor Si of thermaldiffusion is not practicablefor SiC becauseof the very low
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Figure1.2: (a) basicstructuralunit of SiC, (b) 3C-SiCstackingsequence,(c) 4H-SiC stack-
ing sequenceand (d) 6H-SiC stackingsequence.The Jagodzinski(kkk, khkh, kkhkkh) and
ABCA’B’C’ notationsarealsoshown [24].
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diffusioncoefficientsbelow 2000
� �

for all dopantspecies.For similar implantandpost-implant

annealconditions,activationpercentagesarelower for Al andB comparedto N andP, so that

selectivep-typedopingis morechallenging.

Largebandgap energy andcorrespondinglylow intrinsic carrierconcentrationallow SiC

to retainits semiconductingcharacteristicsat muchhighertemperaturescomparedto Si, since

the intrinsic carrierconcentrationis a pre-factor in the equationgoverningundesiredjunction

reverse-biasleakagecurrent. As the temperatureincreases,the intrinsic carrierconcentration

increasesexponentially. The leakagecurrentincreasesaswell, andeventuallyat high enough

temperature,semiconductordevice operationis overcomeby uncontrolledconductivity asthe

intrinsiccarrierconcentrationexceedstheintentionaldevice doping[25].

Thebreakdown field andhigh thermalconductivity of SiC, coupledwith high operational

junctiontemperature,theoreticallypermitextremelyhighpowerdensityandoperatingefficiency.

1.2.4 Devicesand Applications

FET Structur e

All field-effect transistors(FETs),whetherMOSFETs,MESFETsor JFETshave similar

structure[29]. The gatecontactmetalandconductingchannelform a parallelplatecapacitor.

ThesheetchargedensitykS� of themobilecarriersatany point,x, alongthechannelis controlled

by thepotentialdifferencebetweenthegateandthechannel.

k � � �mlon 5prqK'stZvu�]Y's�wrx (1.1)

�wy� thresholdvoltage, 5prq7� voltagedifferencebetweenthe gateandthe source,zZ{ur]|�
channelvoltagewith respectto thesource,and

� l � gatecapacitanceperunit area Z{} l �U� l ] . The
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Figure1.3: BasicFET structure[29]

draincurrent~6� dependson k5� andthedrain-to-sourcevoltage ���q becausetZvu�] varieswith u
andtendsto reducekS� .

The thresholdvoltageis an importantparameterin FETsbecauseit separatesthe above-

thresholdregime (or on-statewherethe charge inducedin the device channelis proportional

to thegatevoltageswing),andthebelow-thresholdregime(or off-state). Thepotentialbarrier

separatingthesourceandthedraindeterminesthetransistorsoff-currentandhencetheon-to-off

currentratio [29].

MOS techology

Thevastmajorityof semiconductorintegratedcircuitsrelyonsiliconmetal-oxide-semiconductor

FETs(MOSFETs). Successwith Si-MOSFETshasnaturallyencouragedthe developmentof
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high-performanceinversionchannelSiC-MOSFETs.The differencein the quality of the ther-

mal oxidegrown on Si andSiC haspreventedSiC-MOSFETsfrom realizingtheir full potential

[25].

4H-SiC MOSFETdeficienciescanbe attributedto differencesin Si andSiC thermalox-

ide quality andan interfacestructurethat causesSiO� /SiC to exhibit high interfacestateden-

sities ( ��.�2 a " RU�� a 869 �5� nearthe conductionbandedge),high fixed oxide charge densitiesZ�-�.#2 a�a '�.#2 a � 8:9 �5� ] , chargetrapping,carrieroxidetunneling,androughness-relatedscatter-

ing of inversionchannelcarriers.TheSiO� /SiC interfacecanbemuchrougherthantheSiO� /Si

interfacebecauseof the off-anglepolishingneededfor homoepitaxialgrowth aswell asstep-

bunchingthatcanoccurduringannealingto activateimplanteddopantspecies[25].

High-temperaturedevices

Siliconbecomesaconductorat temperaturesaboveabout f�2=2 � � becauseof anarrow band

gapthatallowstheintrinsiccarrierconcentrationto increaserapidlywith temperature.Forhigher

temperatureapplications,andin high power systemswherejuction self-heatingleadsto much

highertemperature,Si deviceswill notbesuitable.Hence,transitionto SiC is essentialfor high

power/hightemperatureapplications.

Long-termreliability of SiC devicesoperaingat temperaturesbetween@>2=2�'�E=2>2 � � is a

challenge. High temperaturegate-insulatorreliability is neededfor the successfulrealization

of MOSFET-basedintegratedcircuits. Gate-to-channelSchottky diodeleakagelimits thepeak

operatingtemperatureof SiC MESFETsto around�B2=2 � � [25]. Bipolar SiC transistorsexhibit

poorgain,but improvementsin SiCcrystalgrowth andsurfacepassivationcouldgreatlyimprove

SiC BJT performanceto make SiC bipolardevicesa moreviable technology[30]. A common
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obstacleto all technologiesis reliablelong-termoperationof contacts,interconnects,passivation

andpackagingat ���)@>2=2 � � .

IncreasinglycapableandeconomicalSiC integratedcircuitswill continueto evolve asSiC

crystalgrowth anddevice fabricationtechnologycontnueto improve. Currentlyhowever, non-

ideality in SiC epilayerdopingandthickness,surfacemorphologicaldefects,andslow charge

trapping/detrappingphenomenacauseunwanteddevice I-V drift, andlimit theyield, size,and

manufacturabilityof SiC high-temperatureICs [31].

High power devices

High power switchingdevicesoperatewith high electricfieldsandhigh currentdensities,

placinggreatelectricalstresson thedevice. [25]. Currentpower switchingdevicesarereaching

a fundamentallimit imposedby silicon’s low breakdown field. Silicon carbidehasabout10

timesthebreakdown strengthof Si thoughSiO� /SiCinterfacequality is notyetasgoodasthatof

SiO� /Si. Nevertheless,powerMOSFETs,IGBTsandvarioustypesof MOS-controlledthyristors

(MCTs)canall befabricatedonSiC.Becauseof thehigherbreakdown field, SiCpowerdevices

canhavespecific-onresistancesup to 400timeslower thansimilarSi devices[32].

(������ � ���M����o�og "� (1.2)

 � is thebreakdown voltage, g � is thesemiconductorcritical field, M�� is the carriermobility,

and �o� is thesemiconductorpermittivity. For SiC,E� is aboutseventimeslargercomparedto Si.

Early on, commerciallyavailableSiC epilayerswerelimited to about .#2UM 9 in thickness

with a maximumblocking voltageof about1600 V. However, with the introductionof thick
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layer growth techniques,the epilayerthicknessbarrier hasbeenremoved, and the maximum

blockingvoltagehasincreasedto � 10 kV for asingledevice [33, 34].

Micopipeshave beena seriousproblemfor SiC device quality andyield, but the desity

of micropipeshasdroppeddrasticallyfrom hundredsper squarecentimeterin the early 1990s

to - 1 per squarecentimeterin the bestmaterialcurrentlyavailable. Apart from micropipes,

the densityof screw dislocationdefectsin SiC wafersandepilayershasbeenmeasuredto be

of the orderof several thousandper squarecentimeter. While thesedefectsarenot nearlyas

detrimentalto deviceperformanceasmicropipes,experimentshaveshown thatthey candegrade

materialpropertiessuchasbreakdown field strengthandminority carrierlifetime [25].

For SiCpowerdevicesto functionsuccessfully, peripheralbreakdown owing to edgerelated

electricfield crowding mustbe avoidedthroughcarefuldevice designandproperchoiceof a

passivatingdielectricmaterial.Thepeakvoltageof mostprototypehigh-voltageSiCdeviceshas

beenlimited by edgerelatedbreakdown, especiallyin SiC devicescapableof blockingvoltages

abovea few kilovolts [25].

The high power diode rectifier is a building block of power conditioningcircuits. SiC

power rectifiersaresimilar to Si diodedevice in many ways,exceptthat the currentdensities,

blockingvoltages,powerdensitiesandswitchingspeedsaretypically muchhigherin SiC.High

breakdown field andthewideenergy bandgapallowsSiCSchottky diodesto operatewith these

improvedcharacteristics[25].

Hybrid Schottky/p-n rectifier structurescombinep-n juction reverseblocking capability

with low Schottky forward turn-on, and thesedevices are extremely useful for application-

optimizedSiC rectifiers[35, 36].
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Threeterminalpower switches(MISFETs,IGBTs andthyristors)thatusesmalldrive sig-

nalsto control largevoltagesandcurrentsarealsocritical building blocksof high-power con-

versioncircuits.Siliconcarbidesolidstateswitchesaresimilar in structureto Si switches.They

aredesignedto maximizepower densityvia vertical currentflow usingthesubstrateasoneof

the device terminals. Operatingcurrentis presentlylimited by deficienciesin materialqual-

ity. Nontraditionalpower switchingtopologieshave alsobeenproposedto reducetheeffectsof

oxide andothermaterialdeficiencieswhile maintainingnormally-off insulatedgateoperation.

For example,lateralandverticaldoped-channelpowerMOSFETsandJFETscanbecompletely

depletedby built-in potentialat zerogatebias[32].

RF and microwave electronics

Basedontheelectronicandthermalproperties,severalSiCpolytypesshouldperformbetter

thanthesemiconductorscurrentlyusedfor high-frequency andmicrowave electronicdevices.

Thereis interestin SiC devicesfor applicationssuchasmicrowave power amplifiersthat

canbeusedin phased-arrayradars,basestationtransmittersfor mobilecommunications,high-

frequency andbroadbandradartransmitters,andotherapplications[37]. RF andmicrowave

devices that can be fabricatedfrom SiC include metal-semiconductorfield-effect transistors

(MESFETs),static inductiontransistors(SITs), bipolar junction transistors(BJTs),heterojuc-

tion bipolartransistors(HBTs) andimpactavalanchetransit-time(IMPATT) diodes.

Silicon carbideRF devicesareusedfor high-frequency solid statehigh-power application

at frquenciesfrom around600MHz (UHF band)to about10 GHz (X-band). High breakdown

voltageandhigh thermalconductivity coupledwith high carriersaturationvelocity allow SiC

RF transistorsto handlemuchhigherpower densitiesthantheir Si or GaAscounterparts.RF

operationathigherdrainbiasis madepossibleby thehighbreakdown field of SiC,andthis leads
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to high SiC MESFETsoutputpower densities.High thermalconductivity minimizeschannel

self-heatingso that phononscatteringdoesnot seriouslydegradechannelcarriervelocity and

current[39].

Silicon carbideis anidealsemiconductorfor thefabricationof high power microwave de-

vicesoperatingin the1 - 10 GHz range[38, 39]. ShortchannelMESFETshave beenoperated

with an �#� of 22GHzandan � ����� of 50GHz,andstaticinductiontransistor(SITs)havereached

power levelsof 470W (1.36W/mm) at 600MHz and38W (1.2W/mm) at 3 GHz [39].

Optoelectronicsand sensors

Wide bandgap semiconductorlike SiC canbe usedto realizeshort-wavelengthblue and

ultraviolet optoelectronics.6H-SiCbluep-n juction light emittingdiodes(LEDs) werethefirst

commerciallyavailableSiC devices,andthey werethe first massproducedLEDs to cover the

bluewavelengthrange(250- 280nm). They werenot efficient diodes(efficiency ��.�\ ) since

SiC is an indirect bandgap material(i.e., the positionsof the conductionbandminimum and

valencebandmaximumdo not coincidein crystalmomentumspace),in which case,transistion

from thevalencebandmaximumto conductionbandminimumis phononassisted.Despitetheir

inefficiency, they werecommerciallysuccessfulfrom 1989to 1995[25]. SiC blueLEDs have

now beenreplaceby thebrighterandmoreefficientdirectbandgapGaNLEDs.

SiChasprovedto bemuchmoreefficientatabsorbingshort-wavelengthlight, whichallows

the fabricationof UV-sensitive photodiodesthat serve asexcellent flame sensorsfor turbine-

enginecombustionmonitoringandcontrol. 6H-SiChasbeenusedto fabricatediodeswith low

dark current,aswell assensorsthat arenot sensitive to the nearinfraredwavelengthsthat are

producedby heatandsolarradiation[25].
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The high temperaturecapabilitiesof SiC allow the fabricationof catalyticmetal-SiCand

metal-insulator-SiC (MIS) prototypegassensorsthatshow greatpromiseascombustionengine

emissionmonitors[40, 41]. Thesestructuresenablerapid detectionof changesin hydrogen

andhydrocarboncontentto sensitivities of partsper million. The sensorsaresmall enoughto

be placeanywherein an engine. When fully developed,thesesensorscould assistin active

combustioncontrolto reduceharmfulpollutionemissionsfrom automobileandaircraftengines.

[42].
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CHAPTER 2

METAL-SEMICONDUCTOR CONTACTS AND DIFFUSION BARRIERS

2.1 Metal-SemiconductorContacts

2.1.1 General Inf ormation

Themetal-semiconductor(MS) contactis a crucialpartof all solid-statedevices.An ideal

MS contactcaneitherbe rectifying (Schottky) or non-rectifying(ohmic). High quality ohmic

contactsarenecessaryto connectsemiconductordevicesto externalcircuit, andstableSchottky

contactsareessentialfor switchingor provide rectification,eitherasa standalonedevice or as

partof morecomplex circuits[43].

An idealMS contactshould,on anatomicscale,beanintimatecontactbetweenmetaland

semiconductorwith no layerof any typebetweenthem. Thereshouldbeno interdiffusionbe-

tweenthemandno adsorbedimpuritiesor surfacechargesat the MS interface. However, in

practicalcontacts,ideal conditionsareseldomachieved andMS devicesoperatebelow theo-

retical predictions.Non-idealitiesin modern-daystructuresprimarily affect the barrierheight

characterizingthecontact[44]. Controllingthesurfaceparametersthataffect theSchottky bar-

rier heightguidesthedevelopmentof ohmicandrectifying contactsin semiconductingsystems

[45].

Ideally, it shouldbe possibleto predictthebehavior of a metalon a semiconductorif the

work functionof bothareknown. But contactperformance,asrelatedto surfacepropertiesin

SiC for example,is poorly understood,andmostof themetal-SiCbehavior cannotbepredicted

[45].
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Figure2.1: I-V Characteristicsof ohmicandschottky contact

Schottky contactsarecharacterizedby asymmetriccurrent-voltage(I-V) curveasshown in

figure 2.1, similar to a p-n junction. An ohmic contactmay be considereda limiting caseof

Schottky contactin whichSchottky characteristicshave beenconvertedto ohmiccharacteristics

after certainprocessingsteps. However, someMS contactsmay be ohmic aspreparedif the

barrierheightat theMS interfaceis low enough.In thesecases,asymmetricI-V characteristics

doesnotoccur[46].

Schottky-Mott and Bardeenlimit for barrier height

TheSchottky modelfor ideal,intimateMS contactsis basedonenergy level diagrams[45]

asillustratedin figure2.2. �S� is themetalwork function. Thesemiconductorwork functionis��q������LZ g � '7g¡��]�¢ � � whereFB means”flat band”conditions- i.e. no bandbending

at the MS interface. The electronaffinity of the semiconductorat the semiconductorsurface

is ����Z[g¡�£'1g � ]�¢ �[¤��¦¥�� ��§ . Theenergy differencebetweentheconductionenergy ( g � )
20



Figure2.2: Energy level diagramof metalandsemiconductor

n-type p-type
semiconductor semiconductor���L�)¨i� Rectifying Ohmic���L�)¨i� Ohmic Rectifying

Table2.1: IdealMS contanctdependenceonwork functions

andtheFermienergy level at flat bandis theothertermaddedto electronaffinity to obtainthe

semiconductorwork functionexpression.Thesemiconductorcanben-typeor p-typedepending

on thedopant.Theenergy level diagramsof metal-semiconductorcombination(n-typeandp-

type)areshown in figure2.3with differentmetalandsemiconductorwork functions.

Thebarrierto reversecurrentflow which is not affectedby theappliedpotentialis defined

asthebarrierheightfor themetal-semiconductorpair [43]. It mayalsobedefinedastheenergy

differencebetweenthe Fermi level in the metalandthe bottomof the conductionbandin the

semiconductorat theinterface[45].
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Figure 2.3: Energy level diagramfor metal-semiconductor(n-type) contact. For ���©�ª��� :
(a) just in contact,(b) in equilibriumwith built-in potential �� , (e) forwardbiasedwith  � , (f)
reversebiasedwith �� . For ���L����� : (c) just in contactand(d) at equilibrium[43, 44]
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Figure2.4: Energy level diagramfor metal-semiconductor(p-type)contact.For ���	�
��� : (a)
just in contactand(b) in equilibrium. For �����L�S� : (c) just in contact,(d) at equilibriumwith
built-in potential �� , (e) forwardbiasedwith  � , (f) reversebiasedwith O� . [43, 44]
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For the ideal MS contactillustratedin figures2.3 and2.4, we have chosenthe flat band

conditionandassumedno electricfield exists within the semiconductor. This implies that the

semiconductorterminatesat the surfacewithout distortion of the electronenergy levels and

that no surfacestatesexist. For the caseof an n-typesemiconductorin which the metalwork

functionis greaterthansemiconductorwork function,( ���L����� ), andtakingvacuumlevel to be

thesamein the metalandsemiconductor, electronsflow from thesemiconductorto the metal,

leaving positive donorions,andaccumulatingat thesurfaceof themetal. Theresultingdipole

electricfield opposesfurtherelectronflow, andin equilibrium,theFremilevelsin themetaland

semiconductorareequal,g¡� � �«gH�rq . If the semiconductoris uniformly doped,the charge densityis uniform in the

depletionlayerandtheelectricfield ¬ is linearwith distance.Thebarrierenergy of theSchottky

barrier contactis � � �����'��®� . This descrptionis referredto as the Schottky limit, and� � is directly proportionalto ��� . � � is thebarrierenergy that electronsgoing from metalto

semiconductorencounter, while electronsgoingfrom semiconductorto metalencounterbuilt-in

potentialenergy ¯=�� determinedby thebandbendingin thesemiconductorat equilibrium. The

fact that �� is biasdependentand � � is not is thereasonfor theasymmetricI-V characteristics

of Schottky diodes.

The Schottky modelpredictsthat it is possibleto obtaina rectifying contactor an ohmic

contactby simply choosinga metalwith theappropriatework function. This is not alwaystrue

however, especiallyfor diodesfabricatedon III-V semiconductors.Recentevidencefor SiC

suggeststhatSiCapproximatesSchottky behavior [45].

MS contactsarenever ideal,andBardeen[47] proposedthatif surfacestatesexist at theMS

interfacein sufficient number, � � would be independenton � � . Surfacestatesareelectronic

states(e.g.,danglingbonds)localizedat the semiconductorsurfacedue to the terminationof
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bulk periodicity. Considera neutralsemiconductorsurface,with saya neutralenergy level �5�
measuredrelative to the valenceband. If thestatesarefilled to an energy greaterthan �5� , the

surfacepossessesanetnegativecharge,andthestatesareacceptor-like in behavior. If thestates

arefilled to a level below ��� , the surfacehasa net positive charge,andthe statesbehave in a

donor-likemanner[45].

Assumea very thin ( - 1nm) insulatinglayerseparatesthemetalandsemiconductor, such

thatelectronscanflow thoughit with little or no restriction.This layerstill supporta potential

difference,andif thenumberof surfacestateis large,theFermilevel at thesurfaceof thesemi-

conductorwill be � � . Theenergy difference� � 'z� � for theSchottky modelwill appearentirely

acrossthe thin interfacial layer, sincethe chargesin surfacestateswill fully accomodatethe

necessarypotentialdifference.Thus,thesestatescontributesomeof theelectronsandpositive

spacechargeneededto bring thestructureto equilibrium. The heightandwidth of thebarrier

shrinksubstantially[48]. Hence,� � is independentof ��� , and g¡� � ��g¡�rq at thesurfaceof

thesemiconductor. Thebarrierheightfor Bardeencontactis � � ��g h '°�5� . TheFermi level

is ”pinned” by thesurfacestatesat �5� above thevalenceband.This is known asBardeenlimit.

TheFermi level is foundexperimentallyto be”pinned” at � �|± a" gih which impiesthebarrier

height � � shouldbetypically closeto �" g h . Mostcommonsemiconductors(Si, Ge,GaAs,GaP)

have enoughsurfacestatesto pin theFermi level at about
a" g h . Surfacestatesareoftenseenas

apronouncedpeakin thedensityof statesplot atanenergy gi²i� a" g³h [48].

In practice,thevalueof thebarrierheight � � will besomewherebetweentheSchottky and

Bardeenlimits [45]. A generalrelationshipthatcombinesboth thesurfacestatesandworkfun-

tion wasfirst givenby Cowley andSze[49] as

� �µ´ �)¶®Z ���)'·�Y��]��¸Z¦.�'¹¶�]6Z g h 's����] (2.1)
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Figure2.5: Non idealenergy level diagramunderforwardbias  � [45]

For acasewhereno electricfield insidethesemiconductor(i.e., theflat bandcondition)

¶º� } l} l �»¯>¼��¦½ (2.2)

where } l is the permittivity of the interfacial layer, ½ is the thickness. ¼�� is the surfacestate

densityperunit energy perunit area.¯>¼ � ½¿¾À} l Á ¶ ± . Schottky limit¯>¼��¦½¿ÂÀ} l Á ¶º¾Ã. Bardeenlimit

A typical diagramfor a non-idealMS interfaceunderforward bias �� is shown in figure 2.5.

An insulatinglayerof thickness½ exist betweenthemetalandsemiconductorandthe interface

statesarefilled to �5� .
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Figure2.6: Imageforce.

ImageForceLowering

The practicalbarrier energy in a Schottky diode is slightly smallerthan expected. One

likely reasonis attributedto imageforce lowering which occurswhenan electronoutsidethe

metal inducesvirtual positive imagecharge in the metal becauseof the requirementthat the

electric field be perpendicularto the interface. The coulombattractive force on the electron

towardsthemetalsurfacedueto its virtual positivechargeis

Ä l �
'H¯U¬��L' ¯ ��>ÅÆ�o�#Z�fUu�] � �L' ¯ �.#E�Åµ����u � (2.3)

Theelectrostaticenergy associatedwith this imageforce is determinedby thework the image

forcedoesastheelectronmovesfrom point x to Ç
g l � È Ä l Zvu�]O�BuÉ�L' ¯ �.#EUÅÆ�o��u (2.4)
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�o� is thehigh frequency permittivity of thesemiconductorratherthanstaticpermittivity because

thethermalvelocityof theelectronasit approachesthesurfaceis quitehigh ( -Ê.�2 ! 9 T�� a ) [50],

andthesemiconductormightnotbefully polarizedin theshorttimetheelectricfield is produced.

Theimagepotentialenergy hasto beaddedto thepotentialenergy dueto theSchottky barrieras

shown in figure2.7.

gL��g l �7g��£�L'�¯> l Z{ur]Æ'4¯=��#Z{ur]
gzZ{ur]Ë�
' ¯��.�E�ÅÆ�o�Du '4¯=���Zvu�] (2.5)

Sincethe imagepotentialis only importantnearthe surface,andthe Schottky barrierfield is

constantnearthe surface, the maximumpotentialenergy occursat a position u � wherethe

resultantelectricfield vanishes- thatis, wheretheimageforcefield is equalandoppositeto the

depletionregionfield.

¬Ì�����0� ¯.�E�ÅÆ�o�Du �� Á u��¸��Í ¯.#EUÅÆ�o��¬Ì����� (2.6)

Theamountof barrierloweringcanbedeterminedby finding theextremum,��ÎYÏ �#Ð� � �¸2 `ÌÑ uÉ��u��
Ò �S� l ��u���¬B�����H��Ó ¯.#EUÅÆ�o��¬Ì�����SÔ a�Õ � ��fUu��H¬Ì�����Ò �S� l �yfV¬Ì�����^Ó ¯.#E�Åµ���D¬Ì�����SÔ a+Õ � ��f®Ó ¯U¬B�����.#E�Åµ����Ô a+Õ � (2.7)

The effect of the imageforce is to lower the barrier that the electronhasto overcomein

passingfrom the metal into the semiconductorby the amount
Ò �5� l . For this contribution to

the barrierenergy to be present,theremustbe electronsin the conductionbandnearthe top
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Figure2.7: Effectof imageforceloweringon thebarrierheight.

of the barrier. This requirementdoesnot affect othercontributionsto � � from work function

difference,surfacestatecharge,etc. [48, 50].

Holescanbeattractedto themetalby imageforceaswell. Holeenergy is measureddown-

wardfrom thetopof thevalenceband,sothattheeffectof theimageforceis to bendthevalence

bandupwardnearthemetalsurface.

2.1.2 Metal-SiC Contacts

Ohmic contactsto SiC

An ohmic contactto a semiconductoris usuallyproducedby heavily doping the surface

region of thesemiconductorimmediatelyunderthecontact.It is known that, to first order, the

equilibrium barrierheightis not affectedby an increasein semiconductordoping,but that the

depletionwidth decreaseswith increaseddoping. Reducingthe depletionwidth increasesthe
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Figure2.8: Effect of dopingconcentrationon thebarrierwidth. (a) low (b) moderate and (c)
highdoping[44].

carriertunnelingprobability, andcontactresistanceis generallyobservedto dropwith increased

dopingasdepictedin figure2.8.

Whenthesemiconductordopingexceeds-�.#2 a�Ö 8:9 � " (moderatedopingregime),signifi-

canttunnelingcantakeplacethroughthethin upperportionof thebarrier. For dopingexceeding-Ê.#2 a+j 8:9 � " (highdopingregime),theentirebarrierbecomessonarrow thatlow energy major-

ity carrierscantunnelthebarrier; that is, thebarrierbecomeseffectively transparentto carrier

flow [44]. The specificcontactresistancer � is the parameterthat characterizesohmiccontact.

Thisparameterdependson thedopingconcentrationof thesemiconductor, thecharacteristicsof

thesemiconductorsurface(e.g.,epilayeror implant/activation)andthehigh temperatureanneal

conditionsfor forming theohmiccontact.
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n-type $ -SiC

Ohmiccontactsonn-type $ -SiC (4H and6H) have beenstudiedover thelasttwo decades.

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

availability of heavily dopedn-typematerialhasimproved alsobecauseof betterunderstand-

ing of dopingprocesses- both implant/activationanddopingduringepitaxialgrowth. Specific

contactresistanceof the orderof .�2 ��3 � 8:9 � arecommonfor dopingconcentrationof about.#2 a+j 8:9 � " . Much of thecontactwork waspreviously donefor 6H-SiC,but recentlythe focus

hasshiftedto 4H-SiCbecauseof its superiormobility characteristics[46].

Metal silicide formationhasbeenthemostdominantmechanismfor ohmiccontactforma-

tion, on either4H- or 6H-SiCpolytypes.Resultshave shown thatthespecificcontactresistance

increaseswith increasingbarrierheight,but decreasesasthedopingconcentrationincreases.For

heavily dopedmaterials,thespecificcontactresistancewaspredictedto increasedramatically.

Nickel silicideohmiccontactformedduringthehightemperature( -¸<>2=2 �#� ) annealingof nickel

depositedon SiC is the mostwidely usedcontacton n-typeSiC [51, 52, 4, 53, 54]. Reported

specificcontactresistancevary from between.|/1.�2 ��3 and .�/1.#2Ì�5��� 869 � . With properpro-

cessing,nickel makesa relatively goodohmiccontacton moderatelydoped( -�.#2 a+Ö 869 � " ) SiC

[46].

Thefirst ohmiccontactfabricatedon6H-SiCwasdepositednickel whichwassubsequently

annealedat high temperaturesby Palmour, et al [55]. Nickel ohmic contactson 6H-SiC have

beencharacterizedelectricallyandphysically by Croftonet al [5]. Specificcontactresistances�)Ar/¡.#2 ��3 � 8:9 � weremeasuredfollowing2minuteannealsof thesamplesin vacuumat <BA�2 ��� .

Nickel layersweredepositedonepilayerswith dopingconcentrationsbetweene�'0<Y/×.�2 a+Ö 8:9 � " .
Rutherfordbackscatteringspectroscopy andAuger electronspectroscopy have shown that the
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high temperatureannealleadsto the reactionof Ni with SiC forming nickel silicide. Nickel

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

silicide, carbonis set free at the interfaceand migratestowardsthe surfaceof silicide layer.

Apart from theformationof nickel silicide,othermechanismssuchasvacancy formationmight

alsocontributeto forming theohmiccontact.As-sputterednickel silicide on SiC epilayersdoes

not form anohmiccontact.Ohmiccontactsresultonly from thereactionof Ni andSiC at high

temperature.Liu, etal [6] includedchromiumin thecontactlayer, for exampleNi/W/Cr, in order

to improve contactstability while retainingthelow specificcontactresistanceof purenickel. It

wassuggestedthatchromiumreactswith thecarbonliberatedby thereactionof nickel with SiC.

Stable
� G�" � � and IºP � �YP compoundsarethe productof this coupledreaction. The choiceof

metalfor the formationof a silicide contactto n-typeSiC is not limited to Ni. Metalssuchas

Co, Hf, andTa canalsoform silicideson SiC with physicalandelectricalpropertiessimilar to

nickel silicidecontact[46]. Binaryalloysandmultilayercontactshavealsobeeninvestigatedas

possibleohmiccontactto n-typeSiC.Table2.2shows a list of ohmiccontactsfor n-type $ -SiC

andsometypical valuesof thespecificcontactresistance.

TiN reportedby Glass,etal [56, 57] andTiW reportedby Crofton,etal [54] areamongthe

specialcasesof ohmiccontactwherex-ray photoelectronspectroscopy (XPS)hasshown thata

thin insulatinglayer(0.5- 1.5nm)of siliconnitrideat theMS interfaceformedametal-insulator-

semiconductor(MIS) structureand promotedohmic behavior. TiN hasa low work function

which is favorablefor anohmiccontacton n-typematerial.Ohmicbehavior wasnot observed

without theformationof a thin Si-N layer[58].
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SiCcarrier Annealing Methodof G �
Metallization conc.(8:9 � " ) condition G � Z � 869 ��] measurement Ref.
Ni ��WXAK/4.�2 a+Ø 1000

�
C, 20s .UWXeK/·.#2 ��J TLM [53]

Ni ��WXeK/4.�2 a�Ö 950
�
C, 5mins mid .#2 �5� 4-pt. probe [54]

Ni eÌWd<�/4.�2 a�Ö 950
�
C, 2mins ��A�/4.�2 ��3 TLM [5]

Ni < Wd?�/4.�2 a+Ø 1050
�
C, 5mins .�2 � " '�.�2 ��J TLM [58]

Ni ��WXAK/4.�2 ��C 1000
�
C, 5mins .×/·.#2 ��3 Cont.area [4]

Ni @ WXfK/4.�2 a+Ø 1000-1200
�
C .UWd@�/·.#2 � ! ' TLM [87]

and .�WÙ�t/·.#2 a�Ö 1min @ WdE�/·.#2 ��3
Ni fK/·.#2 a�Ö ' 950-1000

�
C �t/·.#2 ��JU' TLM [88]fK/·.#2 a�j -
.#2 ��3

Mo fK/·.#2 a�Ö ' 950-1000
�
C �t/·.#2 ��JU' TLM [88]fK/·.#2 a�j -
.#2Ì� !

Ni-Cr ��WXeK/4.�2 a�Ö 950
�
C, 5min .UWd?�/·.#2 � " ' circular [54]

(60-40Wt%) TLM
Ti fK/·.#2 a�Ö ' as-deposited .×/·.#2 �5��' circular [89].×/·.#2 ��C ��f�/4.�2 � ! TLM
W @�/·.#2 a�Ö ' 1200-1600

�
C AK/·.#2 � " ' 4-pt probe [90].×/·.#2 a�j .×/·.#2 ��J

TiW ��WXeK/4.�2 a�Ö 600
�
C, 5min eÌWd?�/·.#2 ��J circular [54]

TLM
Mo �Ú.×/4.�2 a�j as-deposited -
.¿/4.�2 ��J 4-pt probe [92]

TLM
Ta �Ú.×/4.�2 a�j as-deposited -
.¿/4.�2 ��J 4-pt probe [92]

TLM
Ni, Ni/W .�2 a+Ø '�.#2 a�Ö 1000-1050

��� .�2 � " '�.�2 ��3 TLM [93]
Ni/Ti/W 5-10min
Cr/W .�2 a+Ø '�.#2 a�Ö 1000-1050

� � .�2 �5�£'�.�2 ��J TLM [93]
Cr/Mo/W 5-10min
TiC �t/·.#2 a�j etchedat .�@=2>2 ��� .UWd@�/·.#2 � ! TLM [94]

for 15minsin Û �
Table2.2: Someohmiccontactsonn-type $ -SiC.Thelayersin multi-layeredcontactsareseper-
atedwith slashes,layersat thesurfaceto theinterfacewith SiC proceedfrom right to left
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p-type $ -SiC

It is moredifficult to form ohmiccontactsto p-typeSiC by simply reducingtheSchottky

barrierheightbecauseof the large bandgap andlarge work function of SiC. Aluminum (pure

andalloy) is convetionallyusedto createohmiccontactsonp-typematerial[58]. Thelow melt-

ing pointandrapidoxidationcharacteristicsof aluminummakesprocessingthecontactdifficult.

Themeltingpoint canbeincreasedby usingaluminumalloys,andthemostwidely usedalloys

areAl-Ti of differentcompositions.Thethermodynamicdriving forcefor aluminumoxidation

is very high, and this placesrestrictionson usingaluminum-basedcontacts[7, 60]. Another

difficulty is thefactthataluminumis very volatile at moderateannealingtemperature.Work re-

portedby Crofton,etal [9] haveshown that90/10wt% Al/Ti alloy layerannealedat .�2=2=2 � � can

loosealuminumto theannealingenvironment,thusincreasingthemetalsheetresistancesignifi-

cantly. Usingaluminum-basedalloyscanplacestrict requirementsto processingandpassivating

contacts.

As shown in table 2.3, the earliestreportedohmic contactsto p-typeSiC containeither

aluminumor boron[59] andwereannealedat very high temperatures-�.�e�2=2 � � . An enhanced

p-typeconcentrationat the SiC surface,probablydueto recrystallizationfrom solutionrather

thanaluminumdiffusioninto theSiC,wasobserved.

Ohmiccontacton p-typeSiC arenow achievedprimarily by reducingthedepletionwidth

via highdopingconcentrationratherthanby reductionof theSchottky barrierheight.Tunneling

currentdominatestheelectrontransportfor highly dopedSiC,andtheresultingspecificcontact

resistancevariesaccordingto therelation[61, 62]

G �£Ü)Ý�Þ ß Ó � �à I Ô (2.8)
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SiC carrier Annealing Methodof G �
Metallization conc.(8:9 � " ) condition G � Z[� 8:9 � ] measurement Ref.
Al .UWd?�/4.�2 a�Ö 700

�
C, 10min .�Wde�/¹.#2 � " TLM [54]

Al ?^/¹.#2 a�Ö 800
�
C, 10min .#2 �5� '�.�2 � " TLM [58]

Al-Si NR 1700
�
C NR - [59]

Al-Si NR 900-1000
�
C NR - [95]

Al-Ti A�/¹.#2 a ! - 1000
�
C, 5min f Wá<^/¹.#2 �5� - Circular [96]f�/¹.#2 a�j .�WdA�/¹.#2 � ! TLM

Si-B NR 1700-2000
�
C NR - [59]

Ta �Ú.¿/·.�2 a�j as-deposited e�/·.�2 ��J TLM [92]
4-ptprobe

Ti �Ú.¿/·.�2 a�j as-deposited @^/·.�2 ��J TLM [92]
4-ptprobe

Mo �Ú.¿/·.�2 a�j as-deposited f�/·.�2 ��J TLM [92]
4-ptprobe

Al/Ti Al implant 500
�
C, 20min A WáE^/¹.#2 ��J 4-ptprobe [97]

dose: .¿/·.#2 a ! (1650
�
C, 30min)

Al/Ti/Ai <^/¹.#2 ��C 600-800
�
C .³'sfK/4.�2 ��J TLM [98]

W NR 1900
�
C NR - [59]

Al/W/Au- NR 1900
�
C, 120s fâ'sAK/4.�2 ��J 4-ptprobe [90]

W/W

Table2.3: Someohmiccontactsonp-type $ -SiC.Thelayersin multi-layeredcontactsareseper-
atedwith slashes,layersat thesurfaceto theinterfacewith SiC proceedfrom right to left
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G � is thespecificcontactresistance,� � is theschottky barrierheight,N is thecarrierconcentra-

tion.

It maybepossibleto reduceor elliminatetheneedfor annealingcontactsto eithern-typeor

p-typeSiC if thesurfacecanbedopedheavily enough.As depositedMo, Ta,andTi contactson

p+ SiC epitaxiallayersgrown by chemicalvapordeposition(CVD) have beenreportedto yield

ohmiccontacts[63]. Specificcontactresistancesmeasuredby Kuphal’s4-pointmethodwereof

theorderof .#2 ��J � 8:9 � , thoughthemethoddoesnotaccountfor nonuniformcurrentdensities.

To reducetheSchottky barrierheighton a p-typematerial,metalswith high work function

must be used,thoughempirical evidenceshows that the Schottky barrier height hasa weak

dependenceon metal work function becauseof partial pinning of the Fermi level. Platinum

(highwork function(5.65eV),highmeltingpointandhighresistanceto oxidation)hasdisplayed

ohmicbehavior bothasdepositedandaftercontactannealsat ?=A>2 ��� [58].

Work on Al-Ti contacts[9] including surfacestudiesof etchedAl-Ti contactlayershave

shown many pitsof significantsizeanddensityat thecontactsurface,suggestingthataluminum

diffusion may not actuallybe dopingSiC surface,but may insteadhave resultedin enhanced

field emissionbecauseof the creationof many hemisphericalintrusionsinto the SiC surface

similar to thoseobservedby Braslau[10] for Au-Gecontactson GaAs.

Specificcontactresistanceas low as ��/).#2Ì��3�� 8:9 � have beenreportedfor a p-doping

concentrationof fz/1.#2 a+j 8:9 � " in 6H-SiC[64] for nonaluminum-basecontact.Doublelayers

(160nmof siliconon50nmof cobalt)wereannealedat A�2=2 ��� for 5 hoursfollowedby <>2=2 ��� for

2 hours.Cobaltsilicide wasformed,andtheabsenceof graphitewasobservedat the interface

by RBS.Theauthorsusedsilicon to preventtheformationof acarbonrich phase,sinceresidual

carbonhasbeenreportedasthecauseof highcontactresistance.
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n-type % -SiC

Nickel contactsannealedbetween<=2>2�'�.#f=A>2 �6� arecommonlyusedfor % -SiC[65, 66,67,

68]. Au-Ta, Cr, TaSi� andAl aresomeof themetalsthathave beenusedfor ohmiccontactto

n-type % -SiC [66].

StecklandSu [67] have usedas-depositedandannealednickel for rectifying andohmic

contact,respectively, on thesamedevice. Daimon,et al [65] reportedthatannealednickel and

as-depositedaluminumformedohmiccontactson n-type % -SiC (100)with low carrierconcen-

trations( Aã/�.#2 a 3ä'
.^/�.#2 a�Ø 869 � " ). High specificcontactresistancefor both contactswere

attributedto thelow dopingconcentrations.

Table2.4 shows a numberof ohmic contactmetallizationschemes.Most of the contacts

wereannealedat temperaturesabove 800
�#�

. Thereis no simpleformular for creatingohmic

contacton % -SiC. Ohmiccontactformationmaybedueto silicide formation,asin thecaseof

Ni, or bothsilicide andcarbideformation(Cr, Ta, W, Ti, Mo), or neithersilicide nor carbideas

for Au andAg [69]. Many of the studiesreportedthe specificcontactresistanceasshown in

table2.4.

Multilevel metallizationschemeswereinvestigatedby Shor, et al [70] basedon Ti andW

for high temperature(650- 750
� �

) applications.Electronicandoptoelectronicextendedopera-

tion at high temperatureneedsucha multilevel metallizationscheme.Multilevel contactmetal-

lizationaddressesconcernslike reactivity, oxidationanddiffusivity within themetallizationand

with theSiC itself. ThemostpromisingmetallizationschemereportedwasAu/Pt/TiN/Ti, which

remainedohmic for 31 hoursat 650
���

andthenbecamerectifying. TiN layerwasbelieved to

actasa diffusionbarrier.
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SiCcarrier Annealing Methodof G �
Metallization conc.(869 � " ) condition G � Z[� 8:9 � ] measurement Ref.
Al A�/·.#2 a 3 as-dep .�WáE^/·.�2 � a 3-cont. [66]
Ni A�/·.#2 a 3 .�f>A>2 ��� , 5 min .�Wå�z/·.�2 � a 3-cont. [66]
Cr A�/·.#2 a 3 .�f>A>2 ��� , 5 min e Wá2^/·.�2 �5� 3-cont. [66]
Ti .#2 a+Ø '�.#2 a+Ö @=2>2 ��� , 30-90min e WáEä'1< WXfK/4.�2 � " 4-point [99]
W .#2 a+Ø '�.#2 a+Ö as-dep- .�WdA�/·.�2 �5� 4-point [99]E=2>2 ��� , 10min
Ta A�/·.#2 a+j as-dep- e�/·.#2Ì� Ø ' circularTLM [100].#2>2=2 ��� , 1hr ��Wá@^/·.�2 ��3
Re A�/·.#2 a+j as-dep- .¿/·.#2 ��J ' circularTLM [100]<=2>2 ��� , 30min .¿/·.#2 � !
Pt A�/·.#2 a+j as-dep- E^/·.#2Ì��3U' circularTLM [100]A>2>2 ��� , 30min .¿/·.#2 � !
Au/Pt/Ti .#2 a 3�'�.#2 a�Ø 650

�
C, 1hr .�Wæ.¿/·.�2 ��J 4-ptprobe [70]

Au/Pt/W .#2 a 3�'�.#2 a�Ø 650
�
C, 8hr f�/·.#2Ì��J 4-ptprobe [70]

Au/Pt/- .#2 a 3 '�.#2 a�Ø 650
�
C, 31hr .�Wå�z/·.�2 ��J 4-ptprobe [70]

TiN/Ti
Pt/TiW/Ti .#2 a 3�'�.#2 a�Ø 650

�
C, 3hr f WáE^/·.�2 ��J 4-ptprobe [70]� ` �YP � A�/·.#2 a 3 ?BA�2 ��� , 5 min f�/·.#2 �5� 3-cont. [66]�¡P��®P � .#2 a+Ø '�.#2 a+Ö .#2>2=2 � � , 10s+ .�Wæ.¿/·.�2 ��J 4-point [99]� A�2 � � , 390minç �YP � .#2 a+Ø '�.#2 a+Ö .#2>2=2 ��� , 10s+ @OWá<^/·.�2 ��J 4-point [99]� A�2 ��� , 390min

Table2.4: Someohmiccontactsonn-type % -SiC.Thelayersin multi-layeredcontactsareseper-
atedwith slashes,layersat thesurfaceto theinterfacewith SiC proceedfrom right to left
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SiCcarrier Annealing Methodof G �
Metallization conc.(8:9 � " ) condition G � Z[� 8:9 �#] measurement Ref.
Al .×/·.#2 a 3 ?=?>2 � � , 3min @OWæ.¿/·.�2 �5� 3-cont. [66]
Ni .�2 a+Ø '�.#2 a�Ö as-dep- ��Wæ.¿/·.�2 �5� - 3-cont. [68]e>2>2 ��� , 15min f Wá?^/·.�2 �5�
Au-Ta-Al .×/·.#2 a 3 .�f�2=2 � � , 30min ��Wde�/·.�2 � a 3-cont. [66]
(91:2:7at%)
TaSi� /Al .×/·.#2 a 3 .�f�2=2 �6� , 30min f Wá2^/·.�2 � a 3-cont. [66]

Table2.5: Someohmiccontactsonp-type % -SiC.Thelayersin multi-layeredcontactsareseper-
atedwith slashes,layersat thesurfaceto theinterfacewith SiC proceedfrom right to left

p-type % -SiC

Therearefew reportedstudieson ohmic contactsto p-type % -SiC. Someof the contacts

in literaturearelisted in table2.5. Specificcontactresistancesreportedfor aluminumcontact

or aluminumalloy contactarehigh [58]. Thehigh annealingtemperaturedoesnot seemto help

thecontactcharacteristicssignificantly, probablybecauseof thehighdriving forcefor aluminum

oxidation,causingaluminumto diffuseaway from theinterfaceandreactwith oxygen.

Variableandsometimesconflictingresultsfor contactson % -SiC maybeattributedto [58]

(1) differencesin crystalqualityof % -SiC layerdueto defectdensitiesthataremuchhigherthan

in $ -SiC polytypesand(2) differencesin thestateof thesurfaceprior to metaldeposition.

Schottkty contactsto SiC

Schottky contactonbothn- andp-typeSiCarereportedin theliteraturefor differentcontact

metals. The first Schottky contacton 6H-SiC weremadeby fusing small pelletsof Si-Al and

Si-B alloys to single crystalSiC at 1700
���

and � 2000
���

, respectively [59]. Thesediodes

showed sharpbreakdown at voltages-èA�2B andhigh reversecurrentprior to breakdown. A
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forward currentof 0.5A at 4.5V is typical of thesediodes[43]. After this pioneeringwork,

a lot of 6H-schottky barrier diodeshave beenfabricated. Mead and Spitzer [71] and Mead

[72] hadearly reportsof barrierheightstudieson 6H-SiC Schottky contacts.Al andAu were

usedasmetalcontactson n-typeSiC. They found that Schottky barrierheight,determinedby

capacitance-voltagetechnique,wasalmostindependentof thework functionof themetalsused

for thecontact.Hagen[73] drew similar conclusionfor Au, Ag andAl contacton bothp- and

n-typesamplesof cleavedandetched6H- and15R-polytypes.

Schottky diodeson % -SiC werefirst reportedby Yoshidaet al [74] on epitaxiallygrown n-

typelayerswith Au metalcontact.Barrierheightsin therangeof 1.11- 1.15eVweredetermined

by C-V and photoelectrontechniques.Waldrop andGrant [75] investigatedthe effect of the

choiceof metalon 3C-SiCSchottky barriercharacteristics.MetalssuchasPd,Au Co, Ti, Ag,

Tb, andAl wereconsidered,but only Pd,Au andCo formedschottky contacts.The interface

chemistryandtheSchottky barrierheightwerestudiedusingx-ray photoelectronspectroscopy

(XPS),I-V andC-V techniques.

Shenoy, et al [76] have alsoreportedPt-Schottky barrierdiodeson é � �Ué�� 3C-SiCgrown

on é � -Si substrates.Thediodeshadlow specific-onresistance( E Wê.â/�.#2 ��J�� 8:9 � ) andabreak-

down voltageof about85V for a 2OWå�=M 9 thick drift layer. Schottky barrierheightsof about0.85V

with anideality factorof 1.25wereobtained.

High-voltageSchottky barrierdiodeson 4H-SiCwerefirst reportedby Itoh et al [77, 78].

ThecontactmetalsusedincludeAu, Ni andTi. I-V andC-V techniqueswereusedfor barrier

heightdetermination.They reportedbarrierheightdependenceonwork functionbecausesurface

”pinning” of theFermilevel did notoccur. Theroomtemperaturebreakdownvoltagewasaround

800V, anda currentdensityof .#2=2�F 8:9 �5� wasobtainedfor forwardbiasof 1.67V.
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The breakdown voltageof Ti/4H-SiC diodesincreasedto 1100V whena highly resistive

layer is formed at the peripheryof the contact,servingas edgetermination[79]. The edge

terminationwasformedby boronion implantationfollowedby high temperatureheattreatment

to removedamageto thelatticesustainedduringimplantation.

Raghunathanet al [80] have reportedhigh breakdown voltage (1000V) for Ti/4H-SiC.

Weitzelet al [81] reported1400Vbreakdown on 4H-SiCwith anon-resistanceof .�WXA 9 � 8:9 � .
SaxenaandSteckl[82, 83] have alsoreportedNi andPt Schottky contactson 4H-SiC.Barrier

heightsextractedfrom commontechniques(C-V, I-V, XPS)havegenerallyindicatedFermilevel

”pinning”.

All nickel contacts(ohmicandschottky) on 6H-SiChave beenreportedby severalauthors

[84, 85, 86, 83], andbreakdown voltagesexceeding1000Vat25and300
� �

havebeenobserved.

Mostof thediodesusedanoxidefor surfacepassivationanddevice isolation.

2.2 Diffusion and Oxidation Barriers

2.2.1 Diffusion in Solids

Fick’s lawsaretheealiestmathematicalbasisfor macroscopicdiffusion.For aninhomoge-

noussinglephasebinaryalloy with diffusioncoefficient ( ¼ a ) of component1, theconcentration

gradientin steadystateis definedby Fick’sfirst law as

ë a �L'�¼ a Ó�ì � aì u1Ô � � � a�í �L' Ò � � a � � a¦í (2.9)

where
ë a is the flux of atomsof component1 at a given time,

� a is the concentrationand

v is thevelocity of massmoving becauseof theapplicationof forcessuchaselectromigration,
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thermalor chemicalpotentialgradient[118]. An inhomogenousspecimenbecomeshomogenous

if annealedlongenough,andthenetflow of matterwill cease.

The diffusion coefficient is called the self-diffusion coefficient if no external forcesand

chemicalgradientareinvolved. For diffusionundera chemicalgradient,wherethediffusion is

affectedby themotionof all atomicspecies,thediffusionprocessis calledinter-diffusionwith

achemicaldiffusioncoefficient.

Undernon-steadystateconditionswherethe concentrationis changingwith time, Fick’s

secondlaw statesthattherateof changeof concentrationis equalto thegradientof theflux

ì �ì Ñ �Ú' Ò _ë �¸¼ Ò � � (2.10)

It is generallyassumedthat D is not a function of position. Fick’s secondlaw is the basisfor

mostof the diffusion measurementsandcalculationsin solids. It canbe appliedfor different

kindsof samplegeometry[118].

Solving a diffusion equationwith all the possibledriving forcesincludedcanbe a chal-

lengingmathematicalproblem. The simplestmathematicaltreatmentassumesthe absenceof

chemicaldriving forces,which is strictly valid only if thermodynamicequlibriumis established

betweentwo sampleswith differentdiffusioncoefficients. Chemicaldriving forcesmaybeab-

sentif the componentsof the diffusion coupleareidenticalandhencehave identicaldiffusion

properties,or if thetwo componentsof thediffusioncouplearechemicallydifferentbut co-exist

in thermodynamicequilibrium.For example,ametalcanbein equilibriumwith its oxide[119].

Thesolutionto Fick’s secondlaw dependslargely alsoon samplegeometry. Severalgeometry

specificsolutionsaredescribedbelow.
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Thin film on bulk sample

Consideraninfinitesimallythin layerof arealdensityM with thicknesslessthanthediffu-

siondistanceZ ¼ Ñ ] a�Õ � suchthat it canberepresentedby a Dirac deltafunction ½ . Assumingno

surfaceflux or flux throughimperfections,theboundaryconditionsin one-dimensionare� Z{uÆîo2B]���&ï½�Zvu�] and ð�ñ Ï C6ò � Ðð � �¸2
Thesolutionto Fick’ssecondlaw is

� Z{uÆî Ñ ]Ë� &f à ÅÆ¼ Ñ Ý6ÞOß Ó ' u���Ì¼ Ñ Ô (2.11)

M is thetotalamountof diffusantperunit area,t is thediffusiontimeandC is theconcentration

atpositionx andtimet. Thisgeometryis widely usedin radioactivetracerwork compatiblewith

adeltafunctiontypeof diffusantdistributionandinfinitesimallysmallmassthickness.

Most thin film work on bulk layersis conductedwith an initial thicknessof thesourceof

diffusant(h) that is greaterthan the diffusion distanceZ ¼ Ñ ] a�Õ � when the following boundary

conditionsaresatisfied� Z{uÆîo2B]�� � � if óã;°u�;�2 , � Zvuµî�2=]��¸2 for uô�)ó
andfor Ñ ��2 , ð�ñ Ï C6ò � Ðð � �¸2 ,
thesolutionis givenby

� Zvuµî Ñ ]Ë� � �fbõ R#GB�öÓ uK��óf à ¼ Ñ Ô '1R#G=�öÓ uz'sóf à ¼ Ñ Ô¡÷ (2.12)

Diffusion couplewith constantsurfacecomposition

For a diffusion couplewith two sampleshaving uniform initial concentrationsof
� � and� a , theinitial boundaryconditionsat Ñ �¸2 canbewittenas
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� Z{uÆîo2B]z� � a for u
�c2 and
� Zvuµî�2=]z� � � for uÊ�c2 . The

solutionto thediffusionequationis then

� Z{uÆî Ñ ]Æ' � �� a ' � � � .f õ R#G=� 8 Ó uf à ¼ Ñ ÔH÷ W (2.13)

In thediffusioncouplesolution,if thedifferencebetween
� a and

� � is largesuchthat uãÂf à ¼ Ñ thediffusioncoefficientwill varywith compositionalongx. To determinethediffu-

sioncoefficientat known composition,Boltzmann-Matanoanalysisis used[118].

Diffusion in structurally inhomogenoussample

Thin film diffusionsamplesarealmostneverstructurallyhomogenous.Thatis, defectslike

dislocationsandgrain boundariesarealwayspresent. Diffusion occursin the lattice through

equilibriumpoint defectssuchasvacancies,interstitialatoms,divacancies,etc,but engineering

materialsaremostlypolycrystallinein nature,andthey containnon-equilibriumdefectssuchas

dislocations,stackingfaultsandgrainboundaries.Diffusionalongthesedefectsis greaterthan

in monocrystallinesamples.The diffusive processin thin films may be largely controlledby

grainboundarydiffusion,especiallyat low temperature( -Ê.�2=2 ��� ) [118].

In polycrystallinematerials,thereis simultaneousdiffusionwithin thegrainandalongthe

grainboundaries,andthesetwo diffusionmechanismarecoupled.Theeasewith which lattice

atomsgo into thegrainboundaryor vice-versawill determinethediffusionkinetic regimethat

prevails in thewholesample.Accordingto Harrison[120], threetypesof kineticregimelabelled

A, B, andC arepossible.

A-Kinetics: Extensive latticediffusion that causesthe diffusionfields from adjoininggrainsto

overlap.
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B-Kinetics: Eachboundaryis assumedto beisolatedandtheflux at largedistancefrom a grain

boundaryapproacheszero.

C-Kinetics: Lattice diffusion is considerednegligible, andsignificantatomic transportoccurs

only within theboundaries.

Grain boundarydiffusion measurementsin bulk materialsinvariably involve B-kinetics.

Little evidencehasbeenobtainedfrom profiling experimentson bulk materialsthatclearlysup-

port theexistenceof A- or C-kinetics.In this respect,thin films arebothuniqueandchallenging

ascandidatesfor diffusionstudiesbecausethe very high densityof structuraldefectsmakesit

possibleto observe any of the threekinetic regimesgiven the appropriateannealingcondition

[121, 122].

Diffusion in amorphousmaterials

Diffusionin amorphoussolidsis acommonphenomenon.Accordingto theStokes-Einstein

equation[123], thefrictional forceimpedingthemotionof particlei of radiusG l is givenby the

viscosityof theliquid in which it moves.Einstein’sdiffusioncoefficient is, ¼ø��ù � �i�>ú whereú is thefriction coefficient. TheEinsteinequationbecomestheStokes-Einsteincoefficientgiven

by ¼ l �¸ù � �i�6F�ÅrG l . Thegeneralfeelingis thatthisequationhasbroadvalidity despitethefact

that it wasderivedfor a macroscopicspheremoving steadilythrougha viscousfluid. However,

thereis nothingin theequationto adjustfor theexistenceof measurablediffusionin glassysolids

or metallicsystems,wheretheviscositymaydependon time in someway.

Diffusionin solidscanbestudiedvia experimental,statisticalandatomicmechanism[124].

Oneof thereasonsfor thepoorunderstandingof masstransportin amorphoussolidsis thelackof

aconsistentapproachto theproblem.First,properknowledgeof theexperimentalcharacteristics
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of diffusion is needed.The next thing is to proposean atomicmechanismandthenbuild its

properstatisticalmechanismsin order to comparethe experimentaldatato the macroscopic

consequencesof theatomicbehavior.

Experimentaldiffusioncoefficientsarefrequentlyexpressedin termsof apre-exponent¼|�
andtheactivationenergy giû , ¼	�¸¼ � Ý�Þ ß Ó ' g ûü � Ô W (2.14)

The temperaturerangeover which this equationis valid is quitenarrow, two to threeordersof

magnitudefor thediffusioncoefficient at most[125, 126,127]. Determining¼K� preciselycan

alsobedifficult. Inconsistenciesbetweenvariousauthorsfor thesamealloy point to measure-

menterrorandcastdoubton thestatedvaluesof ¼|� and giû .

2.2.2 Thermodynamicsof Diffusion

Metallizationsin microelectronicsarecomposedof many layersof dis-similarmaterials,

and the knowledgeof the stability of the interfacesbetweendifferent materialsis important.

The total Gibbs free energy of the system(the two materialsin contactand the interfacebe-

tweenthem)canbe decreasedby differentprocessesincluding enrichmentof the components

at the interfacewith respectto oneor both of the componentsor via chemicalreactionof the

componentsfollowed by the formationof additionalphases[129]. The changein Gibbs free

energy of the systemcanbe usedasa criteria for possiblereactionproductsthat form at the

interface.TheGibbsfreeenergy is definedfrom thecombinationof thefirst andsecondlaws of

thermodynamics.In aclosedsystemtheGibssfreeenergy is givenby therelation

ýyþLÿ ��N��'·�â�4�¸Û '4��� (2.15)
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whereU, V, H, and S are the internal energy, volume, enthalpy and entropy of the system,

respectively. In anopensystemhowever, theGibbsfreeenergy alsodependson thenumberof

molesof eachof thecomponents,andthedifferentialform of thefreeenergy equationbecomes

� ý Zv�iî � î¦é l ]��
'â�®�m�s�°¿��N�� � l ¶ l �Bé l (2.16)

where ¶ l is thechemicalpotentialof componenti. Theequilibriumstateof thesystemcanbe

investigatedwith theGibbsfreeenergy function.

Therearethreestableequilibriumstates:(i) complete,(ii) partialand(iii) local thermody-

namicequilibrium[130]. A systemin completeequilibriumhasits Gibbsfreeenergy function

minimum, � ý � 2 . Systemsin equilibrium with respectto only certaincomponentsaresaid

to be in partialequilibrium. For local equilibrium,equilibriumexistsonly at the interfacesbe-

tweendifferentphasespresentin the system. In thin films systems,completeequilibrium is

seldomachieved,andtheconceptof localequilibriumis thereforeimportant.Localequilibrium

is treatedusingchemicalpotential.

In thetreatmentof multicomponentopensystems,themostcommonprocessconsideredin

definingthe thermodynamicfunctionsfor a solutionis calledthe mixing process.The mixing

processis thechangein stateexperiencedby thesystemwhenappropriateamountsof compo-

nentsin their referencestatesaremixedtogetherforming ahomogenoussolutionbroughtto the

sametemperatureandpressureastheinitial state[131]. ThemolarGibbsfreeenergy of mixing

or formationcanbeexpressedas

Ò ý �¸� Ò Û|��'·� Ò �5� (2.17)
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Figure2.9: Atomic energy barrierasa functionof atomicposition[118].

Themixing processis stronglyinfluencedby forcesbetweenatomsandmolecules(
Ò Û|� ). The

fundametalcauseof mixing, however, is entropy (
Ò �5� ).

Diffusion in solids involve atomicexchangewith somekind of lattice imperfection,and

it is usually thermally activated. We will considersomethermodynamicfactorsinvolved in

determiningthediffusioncoefficientsin chemicallyinhomogenoussamples.

Theenergy barrierseenby atomsasa functionof atomicpositionis depictedin figure2.9.

Eachatomseesthe sameenergy barrier in the absenceof a driving force, the probability of a

forward or backward jump is the same,and thereis no net velocity in any direction. Atoms

make a jump if given enoughfree energy
ý � to go over the barrierandoccupy an equivalent

equilibrium positionby an exchangewith defectstate. The probability (W) that an atomwill

acquireanenergy
ý � is givenby [118]

ç ���U� Ý6ÞOß Ór' ý �ü �4Ô (2.18)
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�U� is theatomicvibrationfrequency.

However, asuccessfuljumpissubjectto theavailability of adefectstatein theadjoiningposition.

Theaverageprobabilityof findingadefectis

I¿�â��� Ý6ÞOß Ór' ý ¥ü �^Ô (2.19)

where
ý ¥ is thefreeenergy neededto form thedefectandZ is thecoordinationfactor.

Thefrequency of successfuljumpscanbewritten as� � ç I¿�â���	�U� Ý6ÞOß õ ' Z ý �»� ý ¥ ]ü � ÷ (2.20)

In 3-D, thedifussioncoefficient canbeexpressedas

¼	� ` �E � �
(2.21)

wherea is the nearestneighboratomic distanceand f is a correctionfactor (f 
 1) for non-

randomjump.

Hence, ç � .E ` � �����U� Ý6ÞOß õ Z�� ¥ �°�5�×]ü ÷ Ý6ÞOß ' õ Z Û ¥ �7Û|�×]ü � ÷ (2.22)

Ò Û ¥ and
Ò Û�� aretheenthalpiesof formationandmotionof defects,respectively, and � ¥ and�5� arethecorrespondingentropies.Thetemperaturedependenceof thediffusioncoefficient is

normallywritten as ¼ø��¼|� Ý6ÞOß Ór'�ü � Ô (2.23)
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with¼K�¡� a3 ` �������U� Ý�Þ ß�� Ï q�� � q�� Ð� � and  �¸Û ¥ �°Û�� .

The diffusion of atomsin a solid canoccurvia the movementof interstitial atomsin the

lattice.Latticeatomscanbedisplacedinto theinterstitialsites(self-interstitial),andthevacancy

left behindis annihilatedat aninterface,surfaceor by anotherinterstitialatom.Self-interstitial

diffusionis of highprobabilityat high temperaturebecausehigherinitiation energy is available.

Whenan interstitial atomis formedandvacancy is left behind,the defectis calleda Frenkel

defect.Frenkel defectsdominatein radiationdamagedsolids. Frenkel defectsarevery mobile

andcontributeto masstransport.Interstitialatomsmayalsobeforeignor impurity atomswhich

aregenerallyof smallsize,for example,H, C, O andN. Becauseof their sizes,they move into

the interstitial siteseasily, andtheir formationemergies( � ¥ and Û ¥ ) arenegligible compared

with themotionenergy. Hence,thediffusionof foreignor impurity interstitialsmaybevery fast.

Diffusionkineticschangedramaticallyin thepresenceof non-equilibriumvacanciesandin-

terstitialatoms.Deviationfromstoichiometryin intermetalliccompondscanyieldnon-equilibrium

vacancies.In non-stoichiometricalloys,thesizeof thespeciesthatis largerin concentrationmay

dictatewhetherthediffusionwill beenhanced.

Finite dri ving forceon atoms

For non-zerodriving forceon anindividual atom(linearchemicaldiffusionregime),a net

flux of atomsin a particulardirection is observed. A finite massvelocity term is includedin

Fick’s first law. Freeenergiesbetweenadjoiningsitesarenot thesame,andthechangein free

energy betweenadjacentsitescanbewritten as
Ò ý ��� ` Ä .

Thenumberof forwardandbackwardjumpsarenot thesame,andthenetnumberof jumpscan

bewritten as
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� � ' � � � � Z[R ��� '1R � � ] (2.24)

where }×� a��� p �� w � ��' � �f � ����� �"! Ó ` Äü �tÔ (2.25)

Possibledriving forcesin thin film metallizationsinclude[118]:

Electromigration # ��R#¬ , where �âR is theeffectivecharge,and ¬ is theelectricfield

Thermomigration# $&%('w�) ð wð � where +* is theheatof transport.

Chemicalinhomogeniety$ ð-,ð � ) # ' ü � $ ð&.0/"1ð � ) where ¶ is theactivity coefficient.

Stressfield # 2 ð�3ð �54 whereU is theinteractionenergy.

Chemicalcompositionvariationsgiveriseto chemicalpotentialgradientsin non-idealsolid

reactions. The atomic force over N lattice planesdue to a chemicalpotentialgrdient canbe

written asÄ � � w�76 Z98 � � � ¶ � ':8 � � a ¶ a ] for a binarysolutionwith components1 and2. ¶ a and ¶ � are

theactivity coefficientsfor non-idealsolution,
� a and

� � aretheconcentrationterms.Generally

if.#2|� ñ�;<1=;ñ?>@1A> �Ú.�2=2=2 over 10atomicplanes, 2 � �� w 4 �CBED � BGFB ¾©.
This is referedto asthelinearregimeand� a�í � � a � ` � Ä � ü � HUG í � � > �� w ��I a Ä î theNernst-Einsteinrelation

where I a is themobility.

Fick’sfirst law withoutaconcentrationgradientbecomes
ë a ��I a Ä � a .
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2.2.3 Diffusion Barriers

Intr oduction

It is known that reliable contactand metallizationschemesfor microelectronicsrequire

thin film diffusion barriers. Thoughatomic diffusion in the solid phaseis a relatively slow

process,thedistances(film thicknesses)aresmall,anddiffusioncanbesignificant,evenat room

temperaturesin somecases.The ideaof a diffusion barriercameto prominencebecauseAl-

basedmetallizationsthatarecommonlyusedin VLSI technologyfor contactsandinterconnects

arehighly reactivewith Si. Aluminummustbekeptawayfrom Si wheresuchreactionscouldbe

detrimentalto device performance.Electromigrationproblemswith theAl-basedinterconnects

forced researcherslook for alternative metalsandcopperwith lower electricalresistivity and

higherresistanceto electromigration,becamea candidate[132, 133,134,135]. However, Cu is

very mobile in metalsandsemiconductorseven at quite modesttemperatures.Coppercreates

deeptrapsin Si, resultingin seriousdegradationof thedevice performanceandreliability [136,

137,138]. Thereforetheneedfor avery effectivediffusionbarrierlayerbecameparamount.

Theinitiative of diffusionbarriereffort for VLSI technologyhasbeenextendedto contact

metallizationsfor harshenvironmentand high power devices fabricatedwith wide bandgap

materials(SiC, GaN, etc.). Effective barrierswill prevent rapid deteriorationof the contact

propertiesanddevice performanceas the resultof oxidationand inter-mixing driven by high

temperatureoperation.Reliablelong-termoperationin harshenvironmentis theprimarygoalof

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

Definitions

A diffuion barrier material ( J ) physically separatesmaterial (A) from material (B) as

shown in figure 2.10. Material B may be an ohmic or Schottky contactor the semiconductor,

while materialA is suitablefor connectionwith anexternalcircuit.

An idealdiffusionbarriershouldmeetthefollowing conditions[139]

, Thetransportof A acrossJ andof B acrossJ shouldbesmall

, Thelossrateof J into A andinto B shouldbesmall

, J shouldbestablethermodynamicallyagainstA andB

, Thereshouldbestrongadhesionof J with A andwith B

, Thespecificcontactresistanceof A on J andB on J shouldbesmall

, J shouldbelaterallyuniform in thicknessandstructure
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, J shouldberesistantto mechanicalandthermalstresses

, J shouldbehighly conductive (thermallyandelectrically)

Most of thematerialsusedasdiffusionbarriermaynot beableto satisfyall theconditions

listed,andcompromisesusuallyhave to bemade.

Diffusionbarrierscanbelooselyclassifiedin threegroups:

(a) sacrificialbarriers (b) stuffedbarriers and(c) amorphousbarriers.

Whentwo materials,A andB areseparatedby diffusionbarrier J , layer J only slowsdown the

eventualmixing of A andB, andtheultimatestateof equilibriumis not eliminatedby J . The

questionthenis, how longcan J serve its purposeof separatingA andB? [139]

(a)Sacrificialbarrier

Thelengthof time thatasacrificialbarrierwill beusefulcanbeestimated.Thismeansthat

the point of possiblefailure is foreseeable.A typical sacrificialbarrier is illustratedin figure

2.10. It is essentialto fully characterizethe compoundformedbetwweenJ - A and J - B,

andto know the reactionratesandthe activation energies. Predictingthe time it will take forJ to betotally consumedat a giventemperatureallows thepre-determinationof how muchofJ is neededfor a giventemperature-timecycle to prevent its total consumption.If J is totally

consumed,it is assumedthatthemetallizationwill fail catastrophically.

Theadvantageof thesacrificialbarrieris its adaptability. Many binarymetalcombinations

form compounds,so that the choiceof materialis wide, even taking into considerationother

constraintswhich areimportantfor theproperfunctioningof thebarrier. However, compoundsJ -A and J -B formedin theprocessmustbecompatiblewith theconstraints- e.g.,for electrical

contacts,J -A and J -B mustbe goodconductors,maintaininggoodthermalandmechanical

propertiesandresistantto corrosionand/oroxidation. Thediffusionof A andB in J mustbe
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negligible comparedwith thegrowth of J -A and J -B.

(b) Stuffedbarriers

Grainboundariesandotherstructuraldefectsin thediffusionbarriermaterialcouldserve

asrapiddiffusionpathswhenthereis nothermodynamicdriving forcefor J to reactwith A and

B asin thecaseof sacrificialbarriers.It is essentialto beableto stopthediffusionof A andB

alongthegrainboundariesandstructuraldefects.Onewayto dothis is to eliminatethediffusion

pathsby pluggingthepathswith suitableimpurity atomsor molecules(e.g.,carbonor I � ), and

thisprocessis called”stuffing” thebarrier. Thereareevidenceto suggestthatstuffing thebarrier

canindeedbeeffective. Theinterpretationof this evidencein termsof atomisticmechanismsis

largelyconjecture,but theresultingeffect canbestriking [139]

Reactive sputteringis oneof thewaysof stuffing barriers.SputteringMo for example,in

an Ar/ I � gasmixture canproducea nearlystoichiometric&KH � I layer which works well as

stuffed barrier[139, 140]. Electricallyconductive nitrides( �iP�Iôîo&KH � I ), borides( �iPLI � ) and

carbides(TiC, NbC) usedasdiffusion barriershave hadvarying success.Stuffing the barriers

generallymakesit lessconducting.

(c) Amorphousbarriers

Apart from pluggingthediffusionpathswith light atomsandmolecules,thediffusionpath

could be removed by eliminatingthe grain boundariesaltogetherby makingthe diffusionbar-

rier eithersinglecrystallineor amorphous.It is difficult to practicallymake singlecrystalline

barriers,andmany researcherswork with amorphousbarriers.However, amorphousbarrierare

metastable,i.e., they aretransformedto polycrystallinefilms at someelevatedtemperatureand

the consequencesarethe problemsassociatedwith polycrystallinebarriers. It is alsopossible

thattheamorphouslayer J canreactwith A and/orB, in whichcaseamorphousbarrierbecomes

sacrificialbarrier.
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Figure2.11:Stuffeddiffusionbarrier[140]

Pureelementalmetalsdonot form anamorphousphaseat roomtemperature,soamorphous

metallicalloysareoftenusedasdiffusionbarriers.Thereareanumberof empiricalrulesonhow

to selecttheelementsto obtainamorphousmetallicalloys. Generally, thelargerthedifferences

betweentheconstituentsin termsof atomicsize,crystallinestructureandelectronegativity, the

easierit is for theconstituentsto form metallicalloys. Thetwo parametersusedto characterize

metallic alloys arethe crytallizationtemperature( � � ) andthe reactiontemperature( ��� ) of the

constituents.

Amorphousternaryinterstitialalloys of theform MSiN (M = V, Nb, Ta, Cr, Mo, W) have

beeninvestigateasdiffusionbarriersfor Cu [141]. Amorphousbinary transitionmetalnitrides

of sometransitionmetalshave beenreported[142, 143,144,145]. For tungsten,titaniumand

tantalumnitrides,researchershaveobservedthataddingsiliconstabilizestheiramorphousstruc-

ture. Generally, addingmetalloidslike (B, C, Si, P, N) to binaryamorphousstructureshasthe

potentialof stabilizingthem. Thenumberof ternaryamorphousconductingalloys that canbe
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conceived in the way is very large. Besidethe combinationof �YP��>INM with transitionmetals

listedabove,
� �>INM and I��>IOM have alsoreceivedattentionaspossiblecandidates.

Diffusion barrier literatur e

In theliterature,many materialshave beentried asdiffusionbarriers- from singlemetalto

binaryandternarymaterials,silicides,nitrides,andcarbidesbarriers.Thebinarycompoundsare

known for their excellentstability while thetenarysystemsareprimarily amorphousandbetter

at slowing thediffusionprocess[129]. Many of thecompositelayersstudiedinvolveat leastthe

Si/barrier/Custructure,with additionallayersaresometimesincludedfor adhesionpurposes.

Elementalmetallicbarriers- Puremetalswith high meltingpointshave beenusedasdiffusion

barrierson electricalcontactsbecauseof the conductivity requirement. But pure metalsare

polycrystalline,andgrainboundariesandotherdefectsserve aspathsfor rapiddiffusion,even

whenthesolubility of thematerialsin thecontactis extremelylow. Table2.6 shows examples

of singleelementdiffusionbarriers.Polycrystallinefilms canbe moreeffective barrierif they

arestuffed; however, a compromisebetweentheamountof stuffing andotherbarrierproperties

suchasconductivity andadhesionhasto bereached.

Binary compoundandamorphousmaterials- In seitchingfrom elementalto compoundfilms,

thenumberof possiblematerialsfor thebarrierlayerincreasesenormously. However, relatively

few binarycompoundandamorphousbarriershave beenstudiedexperimentally. Thestability

of Ti/Pt/Au metallizationstructurewasimproved by replacingtitanium with tungstenbecause

tungstenhasverylow solubility in goldanddoesnotreactwith it. However, to promoteadhesion

andimprove corrosionresistance,titanium wasaddedto the tungstenat levels above thesolid

solubility requirement[146], anda moreeffective diffusionbarrierwastherebycreated.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 � O" /Ti/Mo/Au NR / ��?>2=2 Au diff. throuMo gb [102]
Si/Ti/Cu vacuum 0.5/973 reactionat A>2>2 ��� [103]
Si/Ta/Cu vacuum 0.5/600 � ` �®P � and

�QP "��YP [104]
Si/Ta/Cu N � :H � = 9:1 0.5/300 reactionat �Ì2>2 � � [104]
Si/W/Cu vacuum NR Cu diff throuW gb [105]
Si/Cr/Cu vacuum NR Cu diff to Si [105]
Si/W/Ta/Cu vacuum 0.5/450 NR [105]

Table2.6: Elementaldiffusionbarrierlayerfor semiconductingdevices

2.7showedexamplesof binarycompoundsandbinaryalloysusedasdiffusionbarriers.

Ternaryamorphousbarrier- Someattentionis currentlybeinggivento amorphousternaryalloys

ascandidatesfor barrierlayerin microelectronics.Binary amorphousalloysof refractorymetal

silicidesfilms sputteredin argon andnitrogengasmixturesto form a M-Si-N ternarysystem,

haveshown goodpropertiesandexamplesof suchsystemsin litraturearelistedin table2.8.

Conductingoxide diffusion barriers- Oxidationof contactsoperatingat elevatedtemper-

aturesis oneproblemthat leadsto rapid contactdegradation.Even commondiffusion barrier

materialslikeTiN andW aresensitive to oxidation[147]. Usingthermodynamicallystablecon-

ductingoxidesasdiffusionbarrierat elevatedtemperaturesin air is oneoptionfor generatinga

gooddiffusionbarrier.

Rutheniumdioxide(RuO� ) is themostthermodynamicallystableoxideof rutheniumwhen

formedattemperaturesgreaterthan f>2>2 ��� . Rutheniumdioxideis almostasconductingasruthe-

nium metal,andhasbetterconductivity thansomesilicidesthatareusedasdiffusionbarriersin

integratedcircuits[ RTS ¤ �¸EOWdeK/·.#2 ��3 �»' 8:9 , RGS ¤ ´ ; �)��WdE^/·.�2 � ! �»' 869 ] [147].
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samplestructure annealingambient barriereffect. (hr/
�
C) failuremode Ref.

SiC/NiCr/Au Vacuum 2500/300 NR [107]
SiC/Ti/TaSi� /Pt air 200/600 diff. andoxid. [108]
Si/TaC/Cu vacuum /775 diff. andreact.of Cu [109]
Si/Ta� N/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-WØ � Si a�Ö /Cu vacuum 1/700 crystall.at ?>2=2 �6� [105]
Si/ZrN/Al vacuum 0.5/600 diffusion [116]
Si/ZrB� /Al vacuum 2/625 diffusion [117]
Si/a-Ni3�C NbJ�C /Cu vacuum 1/600 NR [105]
Si/a-WØ 3 N �DJ /Cu vacuum 0.5/750 reaction [110]
Si/Ta-N/Cu vacuum 0.5/750 reaction [111]
Si/Ta-Si/Cu/Ta FHGä'1I � /550 crystal.andreact. [136]

Table2.7: Binarycompoundor alloy diffusionbarrierlayerfor semiconductingdevices

samplestructure annealingambient barriereffect. (hr/
�
C) failuremode Ref.

Si/SiO� /W-Si-N/Cu Vacuum 1/650 crystall. [112]
Si/SiO� /Mo-Si-N/Cu Vacuum 0.5/850 crystall. [112]
Si/Ta-Si-N/Cu Vacuum 0.5/900, .#2 " /350 crystall. [112]
Si/a-TiPN� /Cu vacuum 0.5/600 struct.andelect. [105]
Si/TiSi � /a-TiPN� /Cu vacuum 0.5/700 struct.andelect. [106]
Si/a-Ti-Si-N/Cu vacuum 0.5/900 TiN graingrowth [113]
GaAs/a-Si-Ti-W/Au vacuum 944/300 electrical [114]

Table2.8: Tenarycompoundor alloy diffusionbarrierlayerfor semiconductingdevices
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Thereareternaryconductingoxideswhich maybemoredifficult to prepare,for example,

Bi � Ru� OØ , SrVO" , etc.andoxideswith anunstableconductingphasesuchasf � GVU � Z 8 HUé�� P 8:Ñ P�éXW�]�# � G � Uâ">ZvéYHUé»' 8 HUér� P 8:Ñ P�éXW�]³� a� U � . Most of the conducting

oxideshavenotbeenstudiedwith theideaof usingthemasdiffusionbarriers,andthereis much

potentialin thisarea.For example,conductingoxidessuchaszincoxide(ZnO)[148], indiumtin

oxide(ITO) [149], rhodiumoxide( (¿ó?U � ) [150] andsoon, couldturn out to begooddiffusion

barriers.
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CHAPTER 3

ANALYTICAL TECHNIQUES

3.1 Electrical Analysis

3.1.1 SheetResistanceMeasurement

Thefour-pointprobetechniqueis themostcommontechniquefor thin film sheetresistivity

measurements.Parasiticresistancessuchasthecontactresistance( ( � ) andspreadingresistance

( (â�[Z ) makestheresultof two-pointprobemeasurementsdifficult to interpret[151]. Theseresis-

tancesarenegligible in thefour-pointprobeconfigurationsbecausethepotentialdifferencesare

measuredwith zeroor very smallcurrentsflowing throughthepotentialprobes.Therearedif-

ferentprobeconfigurationsthatcanbeadoptedfor four-pointmeasurements,includingcollinear

four-pointprobeandvanderPauwprobearrangements.

Collinear four-point probe

For four probesonastraightline in contactwith asemiconductorandwith probeseparation

distanced, theresistivity of anarbitrarily shapedfinite sampleis givenby [151],

R���fVÅµ� Ä Z�£��~ ] (3.1)

F is a correctionfactorthatdependson samplegeometryandis a productof several inde-

pendentcorrectionfactors, Ä � Z\8 ��f=] Ä a Ä � Ä "Å (3.2)
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Figure3.1: (a) Collinearfour-point probemeasurements(b) van der Pauw four-point probe
measurementsÄ a , Ä � , Ä " arecorrectionfactorsfor samplethickness,lateralsampledimensionandprobe

placementrelative to to thesampleedges.

For very thin samples,
Ä � � Ä "H�Ê. [151], and

R�� Å Ñ8 �âf Z  ~ ]Ë����WXA�@Bf Ñ Z  ~ ] (3.3)

Thesheetresistivity R � in � /sqis R /t or

R �£����WXA�@Bf�Ó  ~ Ô (3.4)
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van der Pauw four-point probe

The theoreticalbasisfor sheetresistivity measurementson irregularly shapedsamplewas

developedby vanderPauwusingconformalmapping[152, 153,154]. Flat, arbitrarily shaped

samplemustmeetthefollowing conditions:

, thecontactsareat thecircumferenceof thesample

, thecontactsaresufficiently small

, thesampleis uniformly thick

, the surfaceof the sampleis singly connected,that is, the sampledoesnot containany

isolatedhole.

Undertheseconditions,thesampleresistivity is givenby

RK� Å Ñ8 �âf Z ( a ��ò " J �7( � " ò J a ]f Ä
(3.5)

where ( a ��ò " J ���" J �U~ a � , F is acorrectionfactorsatisfyingtherelation

(H�³'�.(H�m�¸. � Ä8 �âf 8 H=TVó � a Ó Ý6ÞOß Z\8 �âf>� Ä ]f Ô W (3.6)

For a symmetricanduniform sample, (H�t� ( a ��ò " J ��( � " ò J a �è. and
Ä �è. . A plot of the

corectionfactorF against (H� is shown in figure3.2. Thesheetresistancefor a sourcecurrentof

4.532mAcanbewritten as

R � �)��WXA>@=f Z[( a �oò " J �7( � " ò J a ]f Ä � Z �" J �° J a ]f Ä
(3.7)
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Figure3.2: vanderpauwcorrectionfactorplot [151]

whereF canbea functionof R� , i.e.,F = F(R� ).
Measurementof sheetresistanceRO�

Sourcingcurrent ~ a � �c��WdA>@Bf 9 F betweenconacts1 and2, the potentialdifferencebetween

contacts3 and 4 ( �" J ) was measuredusing electrometer. The potentialdifferencemeasured

in milli volts translatesdirectly to resistancein ohms,andthe sheetresitanceis obtainedusing

equation3.7.

3.1.2 Contact Resistance

Contactresistanceis characterizedby two parameters:(a) the contactresistance( ( � ) in

ohms and (b) the specific contactresistanceor specific contactresistivity r � in ohm-8:9 � .
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The specificcontactresistanceincludesin its definition not only the metal-semiconductorin-

terfacebut also the regions immediatelyabove andbelow the interface[151]. For the metal-

semiconductorinterfaceonly, thespecificinterfacialresistanceR l is definedas,

R l �	ì ì ëº¢ ]_^ C W (3.8)

Practically, the parameterof interestwhencontactresistanceis measuredis the specific

contactresistance( G � ). It is independentof contactarea,andit is a convenientparameterwhen

comparingcontactsof differentsizes. The currentdensityJ in a metal-semiconductorcontact

is generallya functionof theappliedvoltageandthebarrierheight. Thecurrentdensityunder

conditionsof thermionicemissionis [155]

ë �¸F *�* � � Ý�Þ ß Z 'H¯>� �ü � ]¡Ó Ý�ÞOß Z ¯=ü � ]Y'�. Ô (3.9)

This expressionis usedto obtainthefollowing expressionfor thespecificinterfacialresistance,

R l Zv�Hg|]��	ì ì ëã¢ ]_^ C �`R a Ý�Þ ß Z ¯�� �ü � ] (3.10)

where R a � �a û 'b' w (TE = ThermionicEmission)

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

R l Zv� Ä g|]�� � a R a Ý�ÞOß Z ¯>� �g � ]:î (3.11)
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andfor field emission(FE),theexpressionfor R l is

R l Z Ä g|]Ë� � � R a Ý6ÞOß Z ¯>� �gi�D� ]�W (3.12)

� a and
� � arefunctionsof the donorconcentration( I�� ), the temperature(T) andthe barrier

height( � � ). g �D� is acharacteristicenergy for tunnelingprocess[157]

g �D� � ¯=ó�>Å Í I �ü � � � 9 * (3.13)

g � is relatedto g �D� by [158] gi�H� Ä ���Yc=dEe�!0Z gi�D�ü � ] (3.14)

Theseareexpressionsfor thespecificinterfacialresistance.However, it is notpossibleto obtain

accuratetheoreticalexpressionsfor thespecificcontactresistance.Experimentalmeasurements

yield thespecificcontactresistancewhich is containedimplicitly in thespecificinterfacialresis-

tance.Thatis, it is difficult to compareG � with theoryand R l with experiment.

3.1.3 Linear TransmissionLine Model Measurement

Thetransmissionline model(TLM) diagramedin figure3.3 is asimplemethodof measur-

ing the total resistance( (Hw ) betweentwo adjacentcontactpadsasa function of the inter-pad

spacing(L). Theeasewith which thespecificcontactresistanceandthesemiconductorsheetre-

sistanceareestimatedfrom theplot of thetotal resistanceagainstinter-padspacingis oneof the

advantagesof usingtheTLM methodcomparedto othermethods.Thetotal resistancebetween

any two adjacentcontactsis [159] (Hwö��f>( � �7(ä� (3.15)
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Figure3.3: Plotof total contactto contactresistanceasa functionof inter-padspacing[159]

where( � is thecontactresistance,and (â� is theresistancecontribution from thesemiconductor

bwtweenthepadedges. (¡w���f>( � � ( �+*Efç (3.16)

The contactresistance( � betweenmetalandsemiconductorcanbe describedwith a resistive

network shown in figure3.4where[160]( a � �hgi � � and ( � �¸( � � � �i .G � is thespecificcontactresistance( �1' 869 � ), ( � � is themodifiedsheetresistanceof semicon-

ductor( �H�>T#¯ ) underthecontact,andW is thewidth of thecontact.UsingKirchoff ’s law, the

relationbetweenvoltagesandcurrentsat u and u�� Ò u canbewritten as,zZvuK� Ò u�]Æ'szZvu�]Ë�¸~5Zvu�]�( � ��~5Zvu�] S�j\ki Ò u . In thelimit
Ò ul#ª2 ,

�O�Bu ��~5Zvu�] ( � �ç (3.17)
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Figure3.4: TLM resistivenetwork [160]. Thecontactwidth W is into thepage.

Also,~5ZvuK� Ò u�]Y'·~SZ{ur]Ë� ] Ï �#ÐS > �yzZ{ur] i � g Ò u , andin limit limit
Ò um#ª2 ,

�Ì~SZ{ur]�Bu ��zZvu�] ç G � W (3.18)

Combiningthevoltageandcurrentequationsyeildsasecondorderdifferentialequation

� � ~5Zvu�]�Bu � � ç G � �O�Bu ��~5Zvu�] ( � �ç ç G � � ( � �G � ~5Zvu�] (3.19)

� ;Ln Ï �#Ð� � ; � n Ï ��ÐoGp ; where f wö��q � gS�j\kf w is referredto asthe”transferlength” or penetrationlength,andit is thecharacteristiclength
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over which thecurrentflows underthecontact.Thegeneralsolutionto thesecondorderdiffer-

entialequationis

~SZ{ur]Ë�¸~6� �r� ��! $ � � �oGp )�r� ��! $ �o p ) (3.20)

and zZ{ur]Ë�¸~6� f wÆ( � �ç c-dV�r! $ � � �oGp )��� �"! $ �oGp ) W (3.21)

Thecontactresistanceis ( � � tZ 2=]~SZ[2B] � f wµ( � �ç c-dEe�!�Ó �f wiÔ (3.22)

For �KÂ f f w , c=dEes! $ �oGp ) ± .
and ( � � oVp S�j\ki . Hence(¡w becomes

(Hwö� f f wÆ( � �ç � ( �+*Efç (3.23)

If the semiconductorsheetresistanceunderthe contactis not significantlymodified,we

have f �¿± f f w . For �KÂ f w Á ( � � ± ( �+* , and

(Hw�� f à G � ( �+*ç � ( �+*Efç (3.24)

This equationimpliesa linear relationshipbetween(¡w andL. G � and ( �+* arecalculatedfrom

theslopeandinterceptof thelinearcurve.

If f �ut��f f w , that is ( � � t�	( �+* , thecorrectvalueof G � canbe foundby additional

measurementof the contactendresistance( ( Î ) [159]. The standardtechniquefor measuring( Î is to passaconstantcurrentbetweentwo adjacentcontactpadsandthenmeasurethepoten-

tial differencebetweenoneof thecurrentpadsandathird adjacentpad.It canbeshown that ( Î
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is expressedas[161] ( Î �  ~ � à ( � � G �ç .�r� ��! $ �oGp ) W (3.25)

However, ( � � � �rgoGp ; , sothat

( Î � G �f w ç .�r� ��! $ �oVp )( �( Î ��c-dv��!ôÓ �f w Ô (3.26)

3.1.4 I-V Charateristics of Schottky Diodes

The Schottky diode is a ”majority carrier device”, andminority charge carriersplay in-

significantrole in the determinationof the I-V characteristic.For an n-typeSchottky barrier,

electroninjection from the semiconductorinto the metal dominatesthe observed currentbe-

causeof therelatively low potentialbarrier. However, recombinationandholeinjectioncurrents

still exist [44].

Injectionof electronsor holesover a potentialbarrieris refferedto asthermionicemission

current. High mobility semiconductorshave I-V characteristicsgiven by thermionicemission

theory, providedtheforwardbiasis not too large[50]. Thethermionicemissioncurrentcanbe

derived asfollows. An electronin the semiconductoris capableof jumping over the potential

barrierif it hasavelocity í � andkineticenergy,

ù�WágL� .f 9 *� í �� ;�¯�Z �� l 's�û®]
¢ í � ¢Ì; í � l � þ õ fU¯9 *� Z��� l 's�ûË] ÷ a�Õ � (3.27)

whereV û is theappliedpotential.If therearen electronsperunit volumein thesemiconductor

with velocityv � thenthecurrentwill be, �Ì~#�bw����L'H¯�F í �UémZ í �B] . Integratingover thevelocity
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differential,

~#�bwâ�¸�L'H¯�F È � ² ��xzy
�?{ í ��é�Z í �B]O� í �

é�Z í �=]�� Ó �>Å ü � 9 *� �ó " Ô Ý�Þ ß Z[gH�ö'1g � ]ü � Ý�Þ ß ' Ó 9 *�f ü � Ô í � �
~#�bwâ�¸��F � * � � Ý�Þ ß Z�' � �ü � ] Ý6ÞOß Z ¯=�ûü � ]

(3.28)

where � * þ Ó 9 *�9 �5Ô �>Åµ¯ 9 � ü �ó " �Ê.�f>2�F 8:9 �5� ù �5� Ó 9 *�9 �5Ô (3.29)

Richardsonconstant�Ê.�f�2>F 8:9 �5�6ù4�5�
Electronsgoing from the metal into semiconductorseea constantpotential � � , where � � is

definedin figure3.5.

~:�|w¿��Z��û®]��¸~:�|w×��Z��û¹�¸2=]��L'H~#�bwâ�KZ �û���2=]��L'HF � * � � Ý�Þ ß Z�' � �ü � ]���~#� (3.30)

Total currentis

~|�¸~#�bw��°�»~:�|w×����~#�bwâ�7�»~:�|w¿��Z  û �¸2B]���~#� Ó Ý6ÞOß Z ¯=�ûü � ]Y'�. Ô W (3.31)

For  û � a few kT/q, ~K��~#� Ý6ÞOß a ]�}� w and

for �û1� a few kT/q in thereversebiasmode,~K�Ú'H~#�
Theexpressionsabove arefor idealdiodes.However, realdiodesexhibit phenomenasuch

asbreakdown voltageandreversecurrentthatarenot constantbecausethepotentialbarrier � �
is not constant.Thebarrierheight � � associatedwith imageforcebarrierloweringis expressed
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Figure3.5: Effectof barrierloweringonbarrierheight

as � � �¸� �Æ´ ' Ò � � (3.32)

¯>� � ��¯=����»¯>�� l ��¯�Z���m�7�� l ] (3.33)

Theidealbarrierheightbecomesa goodapproximationif thediodeis operatedat a strongfor-

wardbias.I-V characteristicsof arealdiodedependonthebarrierheightthatcanbeafunctionof

theappliedbias,underthisconditionanideality factor(n) canbeintroducedinto thethermionic

currentexpressionby includinga linear, voltagedependentterm in themodifiedbarrierheight

expression.Thethermioniccurrentbecomes[151],

~K�¸~ �HÓ Ý�ÞOß Z ¯= ûé ü � ]Æ'). Ô ��~ � Ý�Þ ß Z ¯= ûé ü � ] Ó .³' Ý�Þ ß Z�' ¯> ûé ü � ] Ô W (3.34)
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~#�£��F � * ��� Ý�Þ ß Z�' ah~��� w ] , andthecurrentdensity
ë ��~O�:F sothat

ë � � * � � Ý�ÞOß ZD' ¯ü � Z[� � 's�û®�Uéµ]¦] Ó .³' Ý6ÞOß ' ¯=�ûü � Ô (3.35)

For �û¹Â a� w , ë � � * � � Ý6ÞOß Z�' ¯ü � Z � � 's�ûË�VéÆ]�]�W (3.36)

Takingthenaturallog of thisequationyields

8 � ë � �Q� ' ¯ü � � � � ¯é ü � �û (3.37)

where
� � ��8 � � * � � . A plot of 8 � ë

against �û shouldbe linear for �û � a few kT/q.

The ideality factorn is determinedfrom the slope,while the barrierheight � � is determined

from theinterceptof thelinearplot.

é�� ¯ü �1Z�T���H�NSRU]� � ����8 �ÆZ � * � � ]Æ':8 � ë l9� ü �¯ (3.38)

However, removing thecondition �ûsÂb¯=� ü � , a lineargraphcouldbeobtainedfor all �û if

whatis plotedagainst �û is 8 ��� �� a ���@�7� Ï ���<� }k p Ð���� .

TheRichadsonconstant
� * is onemajoruncertaintyin theJ-V expression.It is modifiedto take

into accounttheeffectivemassof electronsin thesemiconductor, quantum-mechanicalreflection

of thoseelectronswhich areableto negotiatethebarrier, andphononscatteringof theelectrons

betweenthe top of the barrier (as determinedby imageforces)and the surfaceof the metal

[50]. It canalsodependon experimentalfactorssuchassemiconductorsurfacecleaning[162],

annealingconditions,contactmetalthicknessandmethodof metaldeposition[163].
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Seriesresistance( GV� ) is alsopresentduringdiodeoperation.It dependson thesemiconduc-

tor resistivity, contactresistanceandsometimeson geometricalfactors[151]. Seriesresistance

canbeincludedin thethermioniccurrentexpressionby replacing( �û ) by ( �'�~=GU� ), where(  )

is themeasuredvoltageacrosstheentirediodeincludingsubstrateandcontactresistance.The

currentexpressionbecomes

~|��~#��Ó Ý�Þ ß Z ¯�Z�¸'1~=GV��]é ü � ]Æ'�. Ô W (3.39)

The seriesresistanceis obtainedby plotting ~ � ]� n or � ]��Ï .0/ n Ð against I, the slopeis the series

resistance,andtheinterceptis � � wa from which theideality factorn canbeobtained.

3.1.5 C-V Charateristics of Schottky Diodes

Schottky diodesexhibit capacitanceassociatedwith their depletionregions. In this regard,

they aresimilar to p-n junctiondiodes.Thecapacitanceof ann-typeSchottky barrieris identical

to thatof anabruptN � 'öé junction,with the N � sidebehaving asthemetalsideof theSchottky

diode. One major differenceis that thereis no minority carrier storagein a Schottky diode.

Thereis alsonodiffusioncapacitance.

Thecapacitanceof a Schottky barrierresemblesa parallel-platecapacitorwith thesepara-

tion betweentheplatescontrolledby theappliedreversebiaspotential.Thedifferentialcapaci-

tance(
� � � %� ] ) is usuallymeasuredby superimposinga smallalternatingvoltageon a reverse

dc bias[50]. Thedifferentialcapacitancedependson theappliedreversebias.Underfavorable

circumstances,measurementsof thecapacitanceasa functionof time andreversebiasvoltage

canyield notonly theconcentrationof interfacialtraps,but alsotheir timeconstantsandenergies
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Figure3.6: Capacitancemeasurementsunderappliedbias[151]

relative to thebandedges.Applied externalstimuli suchaslight, temperatureor forwardbias

canchangetheoccupationof thesetraps.

Figure3.6 shows ann-typeSchottky diodewith dopingconcentrationI�� andanapplied

dcbias �û . Thedifferentialcapacitanceis

� � �  ��O�û (3.40)

where �  � is thecharge incrementin thesemiconductorand �O�û is theappliedvoltageincre-

ment.

Thesuperimposedsmallamplitudeacvoltageis typically appliedat a frequency of 1MHz

with an amplitudeof 10 to 20mV. The ac voltagechangingfrom zeroto small negative value

addsa small charge increment '��  � to the metalcontact. The semiconductorreactsto the

chargeincrementin themetalwith a correspondingchargeincrementof �  � leadingto a slight
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increasein spacechargeregion (scr)width � ç to maintainaoverall chargeneutrality[151].

�  �£��¯�FâI��×Z ç ]O� ç (3.41)

� � �  ��O�û �¸¯UFäI��äZ ç ] � ç�O�û (3.42)

For parallelplatecapacitor

� ��� � � � Fç Á � ��O�û � ' � � � � Fç � � ç�O�û� ç�O û � ' ç �� �o�¦�:F � ��O û (3.43)

Usingequations3.42and3.43,

I0�×Z ç ]Ë� �¯UFKZ[� ç �U�O�ûY] � ' � "¯�F � � �o�¦��Z[� � �U�O�û®] � f¯�F � � �o��� � �#Ï a�Õ ñ ; Ð� ] } � (3.44)

Thedopingconcentrationis obtainedfrom a C-V measurementusingtheslopeof theplot

of
añ ; against �û andthedopantdepthobtainedfromç ��� jb�\� ûñ . Thewidth of thespacechargeregion(W) extendsonly into thesemiconductorand

is negligible in the metal. The
añ ; '��û plot shows immediatelythe uniformity of the doping

concentration,with auniformly dopedsemiconductorcharacterizedby astraightline.

Thecapacitanceperunit areaof a schottky diodeis givenby [164],

�F � ¯ � �o���B¢ I��s'1I0ûi¢f�Z �� l �y¢åÉ¢�' ü �¡�U¯=] (3.45)

For ann-typesubstrate I��)��I0û and ���2 , ü �¡��¯ accountsfor themajority carriertail in

thescr. Thebarrierheightis relatedto thebuilt-in potential �� l by,
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� � ���� l �°�� and ��¡� � wa 8 � $ 6(�6(� )
Theeffectivedensityof statesis I ñ ��f � �L� � 'y � w* ; � " Õ � .
For I û �¸2 , thecapacitanceperunit areaexpressioncanbelinearizedas,

Ó F� Ô � � fOZ��� l ' ü �i��¯=]¯ � �o���#I � � f�¢å ¢¯ � �¦�¦�6I � (3.46)

Again theplot of Z[Fä� � ]D� against ¢å ¢ yeildsaslopeandanintercept.T��9H�NSRâ� �a � jb�\� 6_� Á I��7� �a � jb�\� Ï ���á�@Z § Ð
Theinterceptgives  l ���� l ' � wa
However �� l ��� � 's�� sothat  l �¸� � '1���' ü �¡�U¯ .

� � �� l �° � � ü �¡��¯×�y l � ü �¯ õ .�� 8 � I0�I0� ÷ W (3.47)

3.2 Physical Analysis

3.2.1 Rutherford BackscatteringSpectrometery (RBS)

Intr oduction

The modelof an atomasa positive nucleusenclosedby cloud of negative electronswas

put forwardby ErnestRutherfordandconfirmedexperimetallyby GeigerandMarsden(1913).

They reportedsinlgecollision, large angle,scatteringof alphaparticlesby positively charged

nuclei. Their experimentnot only establishedRutherford’s modelbut alsoformedthebasisfor

RutherfordBackscatteringSpectrometry(RBS)asa modernanalyticaltechnique[166].

Rutherfordbackscatteringis simply understoodbecauseit is a classicalscatteringprocess

in a central force field. High energy helium ions undergo close-impactcollisions which are
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Figure3.7: Closeimpactcollisionandbackscattering[166]

governedby coulombrepulsionbetweenthepositively chargedincidentprojectileandthenuclei

of thetargetatoms.

Definitions

kinematicfactorin anelasticcollision

A very small fraction of incidentbeamis backscatteredon collision with atomicnuclei.

Backscatteredparticlesof energy ( g a ) get to the detector. The reductionin the energy of the

particles( g a �«gi� ) is a function of the massof the incidentparticleandthe target nucleus.

Assuminganelasticcollision, theprinciplesof conservationof kinetic energy andmomentum

canbeappliedto obtaina solutionfor thekinematicsof thecollision. Thecollision is depicted

in figure3.7.
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Kinetic energy conservation:

.f 9�aDí C � � .f 9�a�í a � � .f 9 � í � � (3.48)

Momentumconservation:

9 a í C � 9 a í a c=dV�&¡¡� 9 � í � c-dV��� Zvut'4�BP�G>R 86Ñ PbHUéµ]
20� 9�aDí a �r� �	¡ä' 9 � í � �r� ��� Z9¢|'4�BP�G>R 86Ñ PbHUéµ] (3.49)

Solvingthekineticenergy andmomentumconservationequationyield,

íÌaí C ��£ Z 9 � � ' 9�a � ��� � � ¡=] a+Õ � � 9�a c=dV�&¡9�a � 9 �Á g ag C �¤� Z 9 � � ' 9�a � ��� � � ¡=] a+Õ � � 9�a c=dV�&¡9�a � 9 � � � (3.50)

The ratio of the backscatteredenergy to incident energy is called the kinematicfactor (
ü �g a ��g C ). Theeqationabovedshows thatk is determinedonly by themassesof incidentparticle

andtargetatomandby thescatteringangle, ¡ . For a fixedincidentparticlemassandscattering

angle,k becomesa functionof thetargetmass9 � only. Therefore,theenergy of backscattered

particleis a directsignatureof thetargetatom.

In practice,whena target containstwo typesof atomsthat differ in masssesby a small

amount
Ò 9 , it is importantthat this differenceproduceaslargea changein

Ò g a aspossible.

This givesthelargest
Ò ü

when ¡���.#?=2 � (ideal locationfor a detector).¡���.�e>2 � is a practical

location becauseof detectorsize. It is this arrangementthat hasgiven the methodits name,

BackscatteringSpectrometry[167]. Quantitatively,

Ò g a ��gi�×Ó � ü� 9 Ô Ò 9 (3.51)
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Every practicaldetectionsystemhasa finite resolution.If
Ò g a falls below this limit, the

distinctionbetweentwo massesis lost. To obtaingoodmassresolution,it is desirableto [167]:

(1) increasetheincidentparticleenergy g¡�
(2) usea largeprojectilemass9�a , but with 9�a � 9 �
(3) measureat scatteringangleascloseaspossibleto .#?>2 �
Scatteringcrosssectionk

After anelasticcollision,thetargetatomis identifiedby theenergy lostby thescatteredpar-

ticle. Thecollisionprobabilitybetweentheincidentparticleandthetargetnucleusis determined

by thenumberof targetnucleiperunit area.Thescatteringcrosssectionrelatesthenumberof

targetnuclei to thenumberof particlesdetectedafterscattering.For particlesscatteredthrough

anangle ¡ into a differentialsolid angle,
Ò � , thedifferentialscatteringcrosssectionis defined

as �Ìk� � � .I Ñ õ �  �>� ÷ (3.52)

 is thetotalnumberof incidentparticleon thetarget. �  is thenumberof particlesgettingto

thedetector. I is thevolumedensityof atomsin thetarget,andt is thesamplethickness.Hence,I Ñ is the numberof targetatomsper unit area(arealdensity). �ÌkÆ�U� � hasthe dimensionof

area,andit canbe interpretedastheeffective areaeachnucleuspresentsto the incidentbeam.

In backscatteringspectrometry, thedetectorsolid angle � is small ( - .#2 �5� sterradianor less).

Theaveragedifferentialscatteringcrosssectionis definedas

k�Z�¡=]Ë� .� È¦¥ �Ìk� � �v§ (3.53)
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Figure3.8: �)�y����� � = detectorsolid angle.S = detectorarea.d = detector-targetdistance.t =
targetthickness.

Thenumberof particlesdetectedby thedetectoris calledtheyield andis givenby,¨ ��kmZ@¡=]��  I Ñ (3.54)

 is determinedby time integrationof thecurrentof chargeparticlesincidenton thetarget.

In thebackscatteingspectrometry, it is assumedthattheincidentparticleis scatteredby the

unscreenednucleusof thetargetatombecausethedistanceof closestapproachis well within the

innerelectronorbits. Theunscreenedscatteringcrosssectionoriginally derivedby Rutherford

is �Ìk� � � Ó©� � a � � R �f>g Ô � .�r� � J ¡ W (3.55)� a R is theincidentparticlechargeand � � R targetparticlecharge.

Rutherforassumedthat the targetatomwasinfinitely heavy while deriving thescatteringcross
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sectionexpression. If the target atomsare consideredto have finite mass,then the collision

becomesa two-bodycentralforce problemwhich canbe analyzedasa one-bodycollision by

replacing9�a by the reducedmass M�� 9�a¦9 � �OZ 9�a � 9 � ] . The modifiedscatteringcross

sectionbecomes

�Ìk� � �èÓ�� � a � � R �f>g Ô � ��r� � J ¡ � Ó�.i' $ � >� ; �r� �	¡ ) � Ô a+Õ � � c=dV�&¡ � �
Ó .³' $ � >� ; �r� �	¡ ) � Ô a+Õ � W (3.56)

For the coulombpotential to govern the backscatteringprocess,distanceof closestap-

proach, � , mustbe lessthank-shell electronradius,estimatedto be ` �#�A� � , ` �º�c2OWdA>@ ˚F , the

Bohr radius.

gL� � a � � R �� ` é��mP�� �t� ` � �A� � î g�� � a � � � R �` � W (3.57)

g - .�2 ü RU for a Si targetand g -ø@��B2 ü RU for scatteringfrom Au. Becausepartof the tra-

jectorywill alwaysbeoutsidetheelectroncloudleadingto deviation from Rutherfordscattering

crosssection,thescreenedcoulombcrosssectionisk � � �¸k�Z�¡=] Ä where
Ä � $ .i' C=ª C¦J js« > « ;L¬<@®Î ) andE is in keV. For 1MeV He ionsincidenton

Au,
Ä ± @B\ . For 2MeV He ions,thescreeningcorrectioncanbeneglectedfor mosttargets

[166, 167].

Energy loss(dE/dx)andstoppingcrosssection( } )
Compositiondepthprofilescanbeobtainedfrom RBSanalysis.Thedepthscaleis deter-

minedby theenergy lossat high energiesastheincidentparticlestraversedthesample.Energy

is lost by energeticparticlesmostlythroughexcitationandionizationduringinelasticcollisions
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Figure3.9: Energy lossduringinwardandoutwardtrajectoryof incidentparticle[166]

with atomicelectrons.Energy lossdueto aninteractionwith thenucleus,is muchlessthanelec-

tronic energy loss.Theamountof energy
Ò g lost perdistance

Ò u by a particularion depends

on thedensityandcompositionof targetandon the ion energy. For an incidentenergy gi� , the

ion energy atany depthu canbewritten as

gzZ{ur]Ë��gi��' È �
C � g�Bu �Bu (3.58)

Thestoppingcrosssection} canbedefinedas

}×� .I � g�Bu Z RU¸' 869 � ] (3.59)

whereN is theatomicdensity.

In a compoundtarget, the total energy lossis thesumof the lossesto eachof of thecon-

stituentelementsweightedby theabundanceof eachelement.Thispostulateis known asBragg’s
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rule,andit statesthatthestoppingcrosssectionof �YPhU � for exampleis givenby

� q l ´ ; �ÊZ¦.�]D� q l ��Z�f>]�� ´ (3.60)

where � q l and � ´ arethestoppingcrosssectionof theatomicconstituents.� q l ´ ; is sometimes

calledthestoppingpowerpermolecule,and
��Î� � �¸Iö� q l ´ ; . N is thenumberof moleculesper

volume.

Energy width anddepthprofile

In thin films, the total energy loss,
Ò g , into a depth u is proportionalto u . This is true if� g����Bu is constant,which is a goodassumptionif gi� is large( � 1MeV) and u is theorderof a

few microns. Ò g l ��� È �
C � g�Bu �Bu ± u � g�Bu ¢ l � (3.61)

Theenergy at depthu is gzZ{ur]��¸g¡��'·u � g�Bu ¢ l �5W (3.62)

After largeanglescattering,theion energy canbewritten as

g a Zvu�]�� ü gtZvu�]Y' u¢Lc=dV��¡�¢ � g�Bu ¢ ��¤ � (3.63)

wherek is thekinematicfactor, ¡ is thescatteringangleand ur�5c-dv�?¡ is thepathlengthtraveled

by theion afterscattering.

g a Zvu�]�� ü Ó5gi��'·u � g�Bu ¢ l � Ô ' u¢bc-dv�&¡�¢ � g�Bu ¢ �+¤ �
g a Z{ur]Ë�
'¡u õ ü � g�Bu ¢ l � � .¢Lc=dV�&¡�¢ � g�Bu ¢ ��¤ � ÷ � ü g � (3.64)
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Theenergy width
Ò g is

Ò gL� ü g¡�£'1g a Zvu�]��)u õ ü � g�Bu ¢ l �¿� .¢Lc-dv�&¡�¢ � g�Bu ¢ ��¤ � ÷ �)ur� (3.65)

g l � and gi��¤ � aretheenergiesat which � g����Bu is evaluated.� is thebackscatteringenergy loss

factor.

In evaluating � g����Bu , two possibleapproximationscanbeadopted

(i) The surfaceenergy approximationSEA is a goodapproximationfor very thin films ( u)�2OWdAUM 9 ). In this case,� g����Bu is evaluatedat g l �^�¸gi� and gi��¤ � � ü gi� .
(ii) The meanenergy approximationMEA is usedwhenpathlengthtraversedby the ions is��2OWdAUM 9 , � g����Bu is evaluatedat at meanenergiesg l �^� a� n gi�m�7gtZvu�]+x and gi��¤ � � a� n g a � ü gtZvu�]+x
Assumingalsothatthemeasured

Ò g is dividedequallybetweentheinwardandoutwardpaths,

wehave approximately gtZvu�]��¸g¡��' a� Ò g . Theng l �^� n gi��' aJ Ò gäx and g¡��¤ � � n g a � aJ Ò gäx .
Theenergy g a of thedetectedparticlecanberelatedto thedepthu atwhichbackscattering

occurs. For elementalsampleswith incidentparticlesstriking the samplesurfaceperpendicu-

larly, alongtheinwardandoutwardpaths,respectively,

uã� È ÎÎ � � gZ[� g����Bu�] (3.66)

uc-dV�&¡ �
' È Î >� Î � gZ[� g����Bu�] (3.67)

Since g¡� and g a aretheenergiesin theseexpressionsthatcanbemeasuredexperimantally, it is

necessaryto obtain u in termsof g¡� and g a . Therearethreewaysof doingthis
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(1) Assume� g����Bu is constantover eachpath,thentheequationscanbe integratedandE el-

liminated. This assumptionleadsto a linear relationshipbetween
Ò g and u . Constant� g����Bu

is anapproximation,andtheresultingdepthscaleis subsequentlyapproximate.

(2) Use tabulatedvaluesof � g����Bu and carry out the integration numericallyto find corre-

spondingsetsof g and u , andtherefore
ü g and g a . Thenumericalcalcultaioncanbedoneby

dividing the sampleinto many slabsof equalwidth
Ò u small enoughthat � g|�U�Bu canbe as-

sumedconstant.Alternatively, thesamplecanbedividedinto slabsof differingthicknessessuch

thatparticlesscatteredfrom two boundariesof all slabshavefixedenergy differenceatdetector.

(3) Assumesomefunctionaldependencefor � g����Bu . Matchingpairsof g and u andof u andg a canthenbeobtainedanalytically.

The linear acceleratorfacility at Auburn

Theacceleratorat Auburn University (figure3.10)is a 6SDH-2pelletrontandemmachine

purchasedfrom theNationalElectrostaticsCorporation.It hastwo ion sources,allowing for a

widerangeof applications.Heliumion beamsareproducedfrom anrf exchangeion source,and

awiderangeof heavy ionsareavailablefrom theSNICSII (Sourceof Negative Ionsby Cesium

Sputtering).For example,nitrogen,aluminum,silicon,phosphorousandgoldcanbeaccelerated

with energiesthatrangefrom 100keV to 8MeV. Theacceleratoris currentlyusedfor Rutherford

backscateringSpectrometry(RBS),light ion channeling(LIC), nuclearreactionanalysis(NRA)

andheavy ion implantation(HII). [168].

Ion sources(figure3.11)

HeliumRFSource- Heliumgasis bledintoaquartzbottle,andthegasis ionizedbyan100MHz

RF oscillator. Theresulting Û�RV� is separatedby applyingabout6kV potentialto pushtheions
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Figure3.10:Pelletrontandemacceleratorat AuburnUniversity
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Figure3.11: (a) Sourcessectionof theaccelerator. Illustrationsof (b) SNICSsource (c) He
ion source[168]

throughanexit aperture.The ÛöRV� ionsthenenterthechargeexchangechamberwherethey are

neutralizedby Rubidium(Rb) vapor. Someneutralizedions undergo further charge exchange

to becomeÛöR � . Theoutputof RF sourceis about .�2=2�'�f>2>2�M�F of neutral Û�R and .H'7�>M�F
of Û�R � . Rubidiumis usedin thechargeexchangeprocessbecauseof its high crosssectionforÛöR � production[169, 170]. To maintaina goodchargeexchange,theRb is heatedin anoven

keptat f>A>2 ��� andcirculatedin thechargeexchangechamberthatis warmedto A=A �#� [21].
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SNICSSource- Cesiumions(
� T � ) usedfor sputteringareproducedby immersinga tantalum

ionizerin aCsvapor. TheionizedCsis acceleratedtowardsacoldcathodebiasedat -15kV. The

cathodeis madeof materialwhoseionsareto beaccelerated.
� T�� ionssputterthecathodema-

terial, andcathodeionswhich becomenegatively chargedasthey movesthroughtheCsvapor,

repeledby thecathodedias.Thenegative ion currentis a functionof many parametersincluding

thecathodecomposition,cathodepotential,
� T � flux, etc. It is possibleto generatecurrentsof

up to severalhundredmicroampsfor mostheavy elements[21].

Chargingsystem

Pelletronchargingchainwasdevelopedin themid 1960sasanimprovementover theolder

VandeGraff charging belt [171]. Thechainsaremadeof metalpelletsconnectedby insulating

nylon links. Thechainis moredurableandproducesgreaterterminalstability comparedto the

belt. Thechaineliminatesdustfrom thebelt anddoesnot limit ultimateterminalpotential.

Pelletroncharging systemalsoofferssignificantadvantagesover solid statecharging sys-

temsthatrequirefragile electronicsin thehigh voltagecolumn.A solid statesystemalsotakes

long time to conditionto voltagein orderto avoid terminalsparking.

Pelletronchainsarechargedby a inductionschemeinsteadof coronadischarge[171]. To

generatea positive terminal voltage,the inductor is negatively charged and pusheselectrons

off thepelletwhile they arein contactwith thegroundeddrivenpulley. Thechainsubsequently

transportspositivechargeto thehighvoltageterminalwherethereversechargingprocessoccurs.

Thechainpassesthroughasuppressor(negatively biasedfor positively chargechain)to prevent

arcingasthepelletsmakecontactwith theterminalpulley. Figure3.12showsapelletroncharg-

ing system.This systemcanprovide a two-way charging (up-charginganddown-charging), the

differencebetween”up” and”down” is in thereversalof thepolarityof theinductor/suppressor.
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Figure3.12:Pelletronchargingsystem[171]

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

Dependingonthedesign,thissystemcandeliverchargingcurrentsof .�2=2�'�f�2=2UM�F or moreper

chainto thehighvoltageterminal.

Accelerationandfocus

Ions from the ion sourceareacceleratedto thehigh voltageterminal. Insidethe terminal,

the ions collide with FHG or I � moleculesfrom a low pressuresource. Thesecollision strip

electronsto createpositive ionsthatexperiencea secondaccelerationdueto repulsionfrom the

high voltageterminal. This doubleaccelerationmodeof operationwherethe two endsof the

acceleratingcolumnaregrounded,is calleda ”tandem”configuration.Positive ionsof different

chargestateleavetheterminalregion,andit is imporantto beableto selectionsof singlecharge

stateandspecies.An analyzingmagnetis usedfor this purpose.Passingionsthroughanarcof

radiusR, with theaccelerationterminalvoltageV, in a magneticfield B, particularionswith a
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charge-to-massratio (q/m)will beableto successfullytraversethearc.

(�� 9ãí¯EI � .I Ó f 9¯  Ô a�Õ � (3.68)

TheRBSbeamleg attachedto theanalyzingmagnet(figure3.10)is .#f � left off thedirectionof

theion beamasit entersthemagnet[21]. Ionsof specificspecies,chargestateandenergy canbe

selectedfor thebeamleg wheretheionsarepassedthroughtwo smallaperturesfor collimation.

A faradaycup(biasedTacone)is usedto measurethebeamcurrent.Thecupis movedin or out

of thebeampathby a pneumaticcylinder. Whenthecupis out of thebeampath,thebeamcan

getto thesamplesmountedon a goinometerwith computercontrolof threedegreesof freedom

- up/down, rotationaboutaverticalaxisandrotationabouta horizontalaxis.

Detector

RBS andchannelingexperimentsusea solid statesurfacebarrierdetector(sbd)mounted

at .�e�2 � wih respectto the incidentbeamdirection. Thedetectoris a silicon diodewith a very

thin p-type surfacelayer [172]. The detectoris reversebiasedand incident charge particles

incidentcreateelectronsandholesthataresweptin oppositedirectionsto collectionelectrodes

by theelectricfield in thedepletionregion. Theamountof collectedchargesis proportionalto

theincidentparticleenergy. Chargepulsesaresubsequentlyconvertedelectronicallyto voltage

pulses.

Thebeamcurrentintegration(BCI) systemscountsthenumberof chargedparticlesincident

onthetarget.About <=<OWá<=<=\ of theparticlesincidentontargetcometo restin hetarget,andthese

inducecurrentin thesample[21]. Detectorcalibrationis performedusing �DJ a F 9 whichgivesan

alphaparticleof energy 5.486MeV. This energy is usedto calibratea precisionpulsegenerator
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thatis in turnusedto simulatedetectorsignalsattheinputof thedetectorpre-amplifier. Typically

apulseheightspectrumwith known energiesbetween0 and2MeV is accumulated[21].

3.2.2 Auger Electron Spectroscopy(AES)

Whenaninnershellvacancy is createdin anatomby aphoton,energeticelectronor proton,

the excited atomrelaxesto equilibrium eitherradiatively or non-radiatively. For radiative de-

excitation,a highershellelectronmake a transitionto occupy theinnershellvacancy, releasing

radiation(photons)in the process. For non-radiative de-excitation, the higher shell electron

makesthe transitionto the inner shell vacancy, andthe energy releasedcausesthe ejectionof

secondaryelectrons(Augerelectrons)withoutemissionof photonradiation.

The detectionof Auger electronemissiondatesto the work of P. Auger in 1925 [173].

Auger electroncharacteristicenergiesuniquely identify the elementfrom which electronsare

ejected. The energy of an Auger electronis determinedby the differencesin binding energy

associatedwith thede-excitationastheatomrearrangesits electronshellsby emittingelectrons

with characteristicenergy [166]. An illustrationof Augerde-excitationis shown in figure3.13.

The transitionnomenclature( ù f a f a ) implies an initial vacancy in the K shell. An outer f a
electronfills thevacancy, andtheenergy releasedis givento anotherf a electronwhichis ejected

from theatom.TheCoster-Kronig transitionin which theprimaryvacancy andoneof thefinal

statevacancieslie in thesameshell hasa higherprobability thanthenormalAuger transition,

andsoaffectstherelativeAugerline intensities.

Auger energiesand intensities

Radiationlessprocessconsistof transitionsinvolving holes(vacancies).Theinitial holecan

be characterizedby the following quantumnumbers:principal, angularmomentum,magnetic
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Figure3.13: Illustrationof augerelectronde-excitation[166]

andspin Z{éN� 9 � 9 ��] l , andthefinal two vacanciesby Z{éN� 9 � 9 ��] and ZvéO� 9 � 9 ��] � [174]. The

transitionisZvéO� 9 � 9 ��] l '?# ZvéO� 9 � 9 ��]6ZvéO� 9 � 9 �:] �
Enery calculationsare carriedout via theoreticaltechniques,a semi-empiricalapproachor a

totally empiricaltechniquebasedonsimplifiedequations.

EmpiricalMethods

Thesimplestequationfor theenergy of Augerelectronis

g ¤ ²°¯�Z�±Ì]Ë�¸g ¤ Z�±Ì]r�°g³² Z�±Ì]r�7g ¯�² Z�±B] (3.69)

where g³¤SZ@±Ì] is the energy level in which the initial hole is located, g ² Z�±Ì] is the energy level

from which aninitial electronfalls to fill theinitial hole, g ¯�² Z@±Ì] is theenergy appropriateto an

atomsingly ionizedafter theAugerelectronhasbeenejectedfrom energy level ³ . g³¤ ²°¯ Z�±Ì] is
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theaugerenergy of the transitionuvw of elementz. gi¤5Z�±Ì] and g ² Z�±B] canbeapproximatedas

theatomicbindingenergiesof electronsin theu andv energy levels.g ¯�² Z�±Ì]Ë�¸g ¯ Z@±Ì]�� Ò g ¯ Z@±Ì] where
Ò g ¯ Z�±Ì]Ë� a� n g ¯ Z�±£�7.�]S'ög ¯ Z�±Ì]��¹g ² Z@±��7.#]�'�g ² Z�±B]+x .

Therefore,

gi¤ ²s¯ Z�±Ì]Ë�¸g³¤5Z�±Ì]Æ'1g ² Z�±B]Æ'sg ¯ Z@±Ì]Æ' .f n g ¯ Z@±��¸.#]Y'1g ¯ Z�±B]r�°g ² Z�±H�¸.�]Æ'sg ² Z�±Ì]�x (3.70)

Transitionprobabilities

TheAuger transistionprobability
ç û in hydrogenlike atom(KLL transition)canbewrit-

ten,accordingto first-orderperturbationtheory, as[166]

ç û¹� fUÅ´ó RSZ ü ]�¢ µ ¥ Z '# G a ]L¶ ¥ Z '# G � ] R �¢ '# G a ' '# G � ¢ µ l Z '# G a ]L¶ l Z '# G � ]D� '# G a � '# G � ¢ �R�Z ü ]Ë� 9 Ó ?�Å " ´ó � Ô ü �r� �	¡Ë�T¡®� � (3.71)

whereRSZ ü ] is thedensityof statesassociatedwith normalization.

Practicalconsiderations

Auger electrontransitionsgenerallyappearassmall featuressuperimposedon the large back-

groundof secondaryelectrons. A derivative technique� IsZ[g|]���� g is usedto minimize the

slowly varyingbackgroundandto enhanceobservationof theAugerelectronsignals.Electronic

differentiationof theenergy distributionfunction I1Z g�] is readilyachievedwith avelocityanal-

yser by superimposinga small ac voltageon the energy selectorvoltageand synchroniously

detectingthepoweroutputof theelectronmultiplier. Augerpeak-to-peakheightof thedifferen-

tiatedsignalis adirectmeasureof thesurfaceconcentrationof elementthatproducestheAuger

electrons.
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Thesensitivity of Auger techniquedependson thetransitionprobability
ç û , the incident

beamcurrentandenergy, andthecollectionefficiency of theanalyser. Thelimit of detectionfor

theelementsvariesbetweenapproximately0.02and0.2atomicpercent[175].

Qualitativeandquantitativeanalysis

PrincipalAugerpeaksof KLL, LMM andMNN Augertransitionsallow identificationof all

elementsabove He by scanningthe0-2keV energy range.Major Augerpeakscanbeidentified

by usingthePrincipalAugerElectronEnergiesChartto reducethenumberof possibilitiesbefore

attemptinga detailedanalysisof a standardAuger spectrum.A peakshift of a few eV canbe

consideredinsignificantif theelementis in a differentchemicalenvironmentfrom thatusedfor

thestandardspectrum.

TherelationshipbetweenAugerelectronsignalandatomicconcentrationcanbedetermined

asa functionof instrumentalparameterssuchastheprimaryelectronbeamcurrent( ~rZ ), thepri-

marybeamenergy ( g·Z ) andfor themodulationenergy ( gi� ) [175]. Thereis a linearrelationship

betweenAuger peak-to-peakamplitudeand ~rZ aslong asthe incidentelectronbeamdiameter

doesnot exceedtheanalysersourcediameter, andthecurrentdensityis not too largeto damage

thesamplesurface.

TheAugersignalamplitudeis proportionalto themodulationenergy whenthemodulation

energy is small comparedwith the Auger peakwidth. For large modulationamplitudes,the

peakis broadenedand peak-to-peakamplitudebecomesnonlinearwith g � . Auger peak-to-

peakamplitudesvary with the primary beamenergy g¸Z becauseof the energy dependenceof

theelectronimpactionizationcrosssectionfor thecorelevel involvedin Augertransition.The

Augeryield risesabruptlyfrom zeroas g¸Z crossestheionizationthresholdg � andincreasesto

amaximumfor g Z �>g � ;)A [175].
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A firstorderapproximationfor quantitativeanalysiscanbeaccomplishedthroughcomaprison

of theAugersignalfrom thesampleto theAugersignalfrom apurestandard.To avoid theneed

for alargenumberof elementalstandards,anothermethodcomparingthesignalfrom thesample

with thatfrom apuresilver targethasbeenadopted.Setting g¸Z to astandardvalueand gi� low

enoughto prevent significantdistortiondueto excessive modulation,theatomicconcentration

of elementJ is � �0� ~6�~ û�h ���>¼|� (3.72)

~6� is thepeak-to-peakamplitudeof elementJ from the testspecimen,and ~6û5h is thepeak-to-

peakamplitudefrom theAg standard.Therelative scalefactorbetweenspectrafor thesample

andthesilverstandardis ¼K�¿� f �>gi� ò �>~rZ ò �f û5h g³� ò û�h ~rZ ò û5h (3.73)f � is the lock-in amplifiersensitivity, g³� ò � is modulationenergy and ~rZ ò � is theprimarybeam

current.

Withoutelementalor silverstandards,it is possibleto expresstheatomicconcentrationas

� �¿� ~6��S�>�B� �º¹ �-» ~ »� » � »½¼
(3.74)

Thesumationis over onepeakperelementand �B�0� f �=g³� ò �>~rZ ò � is thescalefactor.

Thissimplequantitative techniquehassomeinherenterrorswhich include:

(1) matrixeffectsonelectronescapedepthandbackscatteringfactors

(2) chemicaleffectonpeakshapes

(3) surfacetopography

Augerelectronescapedepthdependenceon electronicsttructureof thehostmaterialmayalter
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thedepthmeasurementin thespecimenrelativeto thatin astandard.Chemicaleffectcancausea

changein thepeakshapeandleadto errorusingpeak-to-peakheightsof differentiatedspectrum.

Highly polishedsurfacesproducelargerAugersignalsthanroughsurfaces[175].

The combinationof RBS andAES is quite useful in depthprofile analysisbecauseRBS

givesquantitative informationon depthandheavy massconstituentswithout thecomplications

of intermixingduringsputtering.Ionsputteringcausesachangein thecompositionof thesurface

layer due to surfacesegregation and preferentialsputtering. Comparedto RBS, AES depth

profiling providesbetterdepthresolutionandis sensitive to bothheavy andlight elements.

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

Photoelectronspectroscopy is one of the major surfaceanalyticaltools. This technique

arisesdirectly asa resultof the interactionbetweenphotonandatoms.Thesourceof photons

incidenton thesamplecanbe ultraviolet light (UPS)or X-ray (XPS).This techniqueis other-

wisecalledESCA(ElectronSpectroscopy for ChemicalAnalysis),especiallyif thefocusis on

chemicalbondingin thesample.A wide rangeof photonenergiescanbebeusedfor analysis.

Photonswith energy aslow as10eVcaninteractwith valenceelectronsandprovide information

aboutchemicalbondingin thesample.For elementalidentificationhowever, muchhigherpho-

tonenergy is required.Photonswith energy ashighas0.1MeVcanpenetratesolidsandinteract

with inner shell electrons. A major advancementfor this techniquecamewith the advent of

electronsynchrotronfacilities that provide intensemonochromaticphotonbeamsover a broad

rangeof energies.Most laboratoryinstrumentsproduceX-raysin the1 - 10keV region.

Whena sampleis exposedto photonsof energy
´óT§ , it absorbsthe quantizedenergy and

electronsareejectedfrom the material. The kinetic energy of an ejectedelectronis relatedto

thebindingenergy of anelectronin theatom.Theenergy of theelectronalsogivestheidentity
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of the elementfrom which the electronis ejected.Photoelectronspectroscopesrequireboth a

sourceof monochromaticradiationandanelectronspectrometer.

Sources

UPSgenerallyusesa resonantlight sourcesuchasa ÛöR discharge lampwith energiesin

the .�EK'°�5.�RU range. This energy is sufficent for the analysisof the valencebanddensityof

statesfor mostsolids.

DependingonX-ray energy of interest,characteristicX-ray for XPSanalysisis providedby

electronbombardmentof targets.Magnesiumandaluminumtargetsareusedpredominantly, and

they producesoft X-rays( -�. ü RU ). HardX-rayscanbeproducedwith a Cu target( -
? ü RU ),

andtheassociatedenergywidth is about2.0eV. MolybdenumalsogiveshardcharacteristicX-ray

energies( -
.�e ü RU ) with anenergy width of about E=RU . Becauseof thepoorenergy resolution,

mostof thesesourcesarenot suitablefor high resolutionstudies.

Synchrotronradiationfrom electronstorageringscanprovide a continuousspectrumwith

intensitiesmuchhigher thanX-ray or resonancelight sources.The useof polarizedtunnable

radiationfrom thesynchrotronis a distinctadvantagein experimentalinvestigations,but access

to synchrotronfacilitiesis limited.

Detectionsystem

Theelectrostaticanalyzeris usedprimarily to determinetheenergy of photoelectrons.De-

flection andreflection(mirror) arethe two generaloperatingmodesfor analyzers.The cylin-

drical mirror analyzer(CMA) is a commontype. Deflectionis causedby the potentialdiffer-

encebetweenthe innerandoutercylinders. CMAs maintaina constantenergy resolution.The
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electronanalyzermeasuresthe numberof photoelectronsat differentkinetic energies,andthe

informationis displayedasaspectrumof photoelectronintensityasafunctionof bindingenergy.

Quantitati veanalysis

In quantitative analysis,the areaundera photoelectronpeakor the line intensity is used.

Line intensitydependsonfactorssuchasphotoelectriccrosssectionk , theelectronescapedepth

within thesample¾ , thespectrometertransmission,surfaceroughnessor inhomogeneitiesand

thepresenceof satellitestructures.

Chemicalanalysisof a samplewith componentelementsA and B can give the relative

concentration,é�ûË�Vé � , in termsof thepeakintensitiesandcrosssectionsif photopeaksfrom A

andB haveaboutsameenergy andsamedetectionefficiency,

é ûé � � ~ û~ � k �k�û (3.75)

Photoelectronpeakareacanalsobecomparedto known standardfor quantitativeanalysis.

3.2.4 X-ray Diffraction (XRD)

X-ray diffractionis oneof themostcommontoolsfor materialcharacterizationbecauseof

its simplicity, reliability andnondestructive nature[176]. The basisof X-ray diffraction is the

Braggequationwhich describestheconditionfor constructive interferencefor X-ray scattering

from atomicplanesof acrystal. fU�G�r� ��¡¿�)é_¾ (3.76)

X-raydiffractionisusefulin many technologicalapplications.It is usedto identify thecrystalline

phasespresentin materialsandto measurestructuralpropertiessuchasstrainstate,grainsize,
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Figure3.14:X-ray diffractiongeometry[177]

defectstructure,phasecompositionandpreferredorientation(figure 3.14). It is alsousedin

thin films andmultilayerfilms to determinethicknessesandatomicarrangementin amorphous

materials.In packagingmaterialsevaluation,XRD canbeusedto investigatediffusionandphase

formationat interfaces[177]

For ultrathin film analysis(thickness�Ú.#2=2Ué 9 ), theconventionalBragg-Brentano( ¡�'^fE¡ )

X-ray geometry(figure 3.15a)is not very usefulbecauseof interferenceeffectsfrom the sub-

strate.A bettergeometryis a low incidenceangle(glancingangle)geometrybecauseit allows

morematerialof thethin film to besampledandprovidesinformationaboutthecrystallinity of

thesamplesurfacewith reducedinterferencefrom thesubstrate.

ThegrazingincidenceX-ray diffraction(GIXRD) geometryhasbeenusedto characterize

monolayerfilms [178]. With the incidentanglesmallenough,theX-ray canpenetrate- .�20'f>2Ué 9 into the specimen. The exit angleof the diffractedX-ray is also small and structural

informationis obtainedabout( ó ü � ) planesperpendicularto the specimensurface. However if

100



Figure 3.15: (a) Bragg-Brentanodiffraction geometryfor thin films (b) Seemann-Bohlin
diffractiongeometry[177]

theincidenceangleis toosmall,theradiationwill notpenetratethesample,but will resultinstead

in evanescentwave (dueto total externalreflection)at thesurface[179].

The Seemann-Bohlindiffraction geometry(figure 3.15b)issuitablefor thin film XRD. It

providesgoodsensitivity for thin films,dueto parafocusingandlargediffractingvolumebecause

theangleof incidence¶ is small( -�AÆ'�.�2 � ), andX-ray pathlengthin thefilm is largebecauseit

is proportionalto .#�¿�r� �i¶ . Theangleof incidence¶ is normallyfixedandtheanglebetweenthe

diffractingplanesandtheincidentX-ray movesthroughfE¡ asthedetectorsweepstheangle.The

geometryis mostusefulfor polycrystallinefilms thathave randomor nearlyrandomcrystallite

orientation[177,180].
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Diffraction patternsfrom amorphousmaterialsdo not have sharppeaksthat characterize

crystallinematerials,but ratherbroadfeaturesqualitatively indicateamorphousmaterial.Quan-

titative analysisof XRD datafrom amorphousmaterialsis complicated,but canprovide impor-

tant informationon local atomicstructure(shortrangeorder),includingbondlengths,number

of neighborsandtheextentof atomiccorrelations[177].

3.3 MechanicalAnalysis

3.3.1 Intr oduction

Mechanicalreliability for compositecontactmetallizationsis anessentialpartof metalliza-

tion evaluationduring andafter device fabrication. The primary concernis adhesionbetween

layersin themultilayerstructurethatconstitutesthecompositecontact.Monitoringthedegrada-

tion of adhesionpropertiesis important,andlong-termreliability testingis generallyperformed

undertemperature-humiditycycling.

Wirebondpull andshear(push)testingandbrazingfor dieattacharenormallyusedto study

adhesionproperties.Verticalpull forceandhorizontalpushforceonbondpointscancausesep-

arationwithin themetallizationstructure,sincetheweakestinterfacein themultilayerstructure

will givewayfirst. Thepull or pushstrengthatwhich this failureoccurscanbemeasuredexper-

imentally. Thebondcanbeeithera ball or a wedgedependingon thetypeof wire bonderused.

The bondingschemeis a wire loop terminatingat two bondpointsseperatedby a horizontal

distance(d) (figure3.16). The lengthof the loop andthebond-to-bonddistancedeterminethe

angleof pull on thebondpoints.A simpleanalysisof theforcedistribution is shown below.
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Wir eBonding and Die Attach [181]

Bondingbetweentwodissimilarmetals(e.g.Au-Al) leadsto theformationof intermetallics.

Thepropertyof the intermetallicformed(e.gbrittleness)will mostlydeterminethestrengthof

thebond.Excessive formationof intermetallicsis manifestedin theform of anincreasein resis-

tance,intermittentconduction,or anopencircuit. Intermetallicformationis normallyaccompa-

niedby Kirkendallvoiding, leadingto thebrittle fractureof thewire bond. Becausedissimilar

metalsdiffuseinto eachotherat differentrates,anexcessof vacanciesis formedon thesideof

the fastdiffusingmetal. This vacanciescoalesceinto voids,known asKirkendallvoids,which

actasa stressconcentrator.

Wirebondingwith samemetal(e.g.,Au-Au, Al-Al) elliminatesthepossibilityof interface

corrosion,intermetallic formation, Kirkendall voiding and other bond degradingconditions.

However, the cost of a Au-Au system,for example,may be a draw back when considering

monometallicwire bonding,apartfrom additionaland/ordifficult processingstepsthatmaybe

involved.

Wir ebondpull testing

An appliedpull forceF on thehookpulling on theloopandthetensionon thewire bondT

arerelatedasshown in figure3.16.

Ä ��fU�À�r� ��¡ Á �)� Äf½�r� �	¡ (3.77)

If thebond-to-bonddistanceis � , andthe lengthof wire loop betweenthebondpointsis � , we

definea fractionaldistancebetweentheselengthsas, Át� � � �� i.e. .³':Á^� � �
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Figure3.16:Wire bondpull andsheartesting

�r� �	¡¿� f=ó� ` ér� Z��[�>f=] � �ÊZ[�O�=f>] � �°ó ��r� �	¡0� f>ó� �ÃÂ fÄÁK':Á � Á �L. (3.78)

Therefore, ��� Äf Â fÄÁ|':Á � (3.79)

This equationimpliesmeasuring� and � or thedifferencebetweenthemandthepull forceF is

enoughto estimatethepull strengthon thebond.

Wir ebondsheartesting

An horizontalforce canbe usedto pushon the wire bond to its shearpoint. The shear

force is proportionalto the bond contactarea. Part of figure 3.16 illustratesthe bond shear

testingstructure.Die attachsheartestingis similar to thebondsheartesting(figure3.17). The

differenceis thata largerareachip is brazedto a ceramiccarrier. Betweentheceramicandthe
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Figure3.17:Chipbrazedsheartesting

chip is apreformusedto solderor barzetheceramicandthechip together. Thechip is thenpush

horizontallywhile theceramicsubstrateis heldin place.
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CHAPTER 4

EXPERIMENTAL PROCEDURES

4.1 Standard Procedures

Researchgrade4H-SiCfor this work waspurchasedfrom Cree,Inc. Theprofilesof the f � �
diameterwafersandtheir intendedusesarelisted in the table4.1. Thewafersweredicedinto

5mm/ 5mmpiecesfor fabrication.

4.1.1 SampleCleaning

Substratecleaningis requiredto remove surfaceparticulatesaswell astracesof organic,

ionicandheavy metallicimpurities.Thetwostagesubstratecleaningprocessincludesanorganic

cleanandRCA clean.

4H-SiC profile (cm� " ) Purpose
N sub/2 WXeUM 9 epi NYZ�eK/·.#2 a+Ö ] / p-ohmiccontact2OWá@�M 9 epi NS�³Z[@^/·.#2 a+j ]
N sub/2 WXeUM 9 epi NYZ�eK/·.#2 a+Ö ] / p-ohmiccontact2OWá@�M 9 epi NS�³Z[@^/·.#2 a+j ] /impl. NS�³Z�.¿/·.�2 � a ]
P sub/epié � Z�AK/4.�2 a�j ] n-ohmiccontactIö� sub/epié � Z < Wd?�/·.#2 a ! ] n-schottky contact
Semi-InsulatingSiC Metal sheetresistancemeasurements
Low quality SiC Samplesfor RBS,AESandXPSanalysis

Table4.1: Profileof 4H-SiCpurchasedfrom CreeresearchInc.
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Organic clean

Thepurposeof this cleaningprocedureis to remove organicandoily contaminantson the

substratesurface.Thesampleswere:

, immersedin acetoneandagitatedin anultrasonicbathfor 5mins.

, immersedin trichloroethyleneandagitatedin anultrasonicbathfor 5mins.

, immersedin acetoneandagitatedin anultrasonicbathfor 5mins.

, immersedin methanolandagitatedin anultrasonicbathfor 5mins.

, immersedin freshmehtanolandagitatedin anultrasonicbathfor 5mins.

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

, immmersedin buffer oxideetch(BOE) for 1min.

, rinsedin DI waterfor 2minsanddriedwith N � gas.

RCA clean(Radio Corporation of America)

Thepurposeof this cleaningprocedurewasto remove ionic andheavy metalcontaminants

on thesamples.Thesampleswere:

, immersedin a 1:1 (solution) of H � O� :H � SOJ for 15mins. The mixture of H � O� and

H � SOJ is exothermic.

, rinsedin DI waterfor 2mins.

, immersedin a20:6:6mixtureof DI H � O:H� O� :NH J OH warmedonhotplateto boil gently

for 15mins.
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, rinsedin DI waterfor 2mins.

, immersedin a 20:6:6mixture of DI H � O:H� O� :HCl warmedon hot plateto boil gently

for 15mins.

, rinsedin DI waterfor 2mins.

, immmersedin a bufferedoxideetch(BOE) for 2mins.

, rinsedin DI waterfor 3minsanddriedwith N � gas.

Thesecleaningproceduresarethesameirrespectiveof thetypeof devicethatis beingfabricated.

4.1.2 Photolithography

Photolithography is the processby which a maskaligneris usedto transferfeatureson a

maskontoa sample.A Karl SussMJB3 UV400 maskalignerwasusedfor this work. Square

TLM maskfeaturesand circular maskfeaturesfor diodesand MOS structuresare shown in

figure4.1. Thelight sourceon themaskaligneris Karl SussUV lampwith anoutputpower of

160W. Themaskaligneris manuallycontrolledand f0'7@�M 9 featurescanbealignedwith the

helpof opticalmicroscopehaving magnificationsof 5, 10and20.

The 5mm/ 5mm samplewasheld on a @ � �
Si wafer, andAZ 5213-EIRphotoresist(posi-

tive photoresist)wasspunonto the samplefor 30sat a rotor speedof 4000rpm. The sample

wasthensoft baked on a hot plateat .>.#2 �6� for about90sto dry the photoresistandmake it

morephotosensitive. Underbakingor over bakingcanreduceor destroy thesensitivity of the

photoresist.

Thesampleon @ � �
Si waferwasmountedon themaskaligner, andX, Y, and ¡ adjustment

of the sampletablewasmadeto bring the sampleinto alignmentwith the maskfeatures.By
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Figure4.1: (a)TLM masks (b) Diode/MOSMask
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exposingthesampleto UV light throughthemask,thefeatureson themaskweretransferedon

thesample.UV exposureswasmadefor about25s.

Following exposure,samplesweredevelopedin a mixtureof DI waterandMicroposit351

developeror AZ 400Kdeveloper. ThevolumeratioDI waterto developerwas4:1. Thesamples

wereimmersedin this diluteddeveloperfor few seconds.During thetime of development,the

partof thephotoresiston thesampleexposedto UV light waswashedoff, andthesamplewas

subsequentlyrinsedin DI wateranddriedin N � gas.Completedevelopmentof thesamplewas

confirmedunderamicrosope.

Reversingtheeffect of UV light exposureon photoresist,keepingthephotoresistexposed

to UV light stayson thesampleafterdevelopmentwhile removing thepartnot exposedcanbe

achievedby usinga negative photoresistor simply reversingthepositive photoresistasfollows.

Spin-onthe positive photoresistandsoft bake it for 30s, thenexposethe sampleto UV light

throughthemaskfor 25s.Thenbakethesampleafterexposurefor 60-90sat .=.�2 ��� . Exposethe

wholesampleto UV light througha clearmaskor no maskfor 60s. Developthesamplein 4:1

DI wateranddeveloperyeild thesameresultasobtainedusinganegativephotoresist.

4.1.3 Sputter-deposition

All metalsin this studyweresputter-depositedin anArgonplasma.Thesputter-systemis

a high vacuumsystem.It hasthree f � � diameterPolarismagnetronsputteringsourcesor guns.

Threedifferenttargetscanbesputteredconsecutively without breakingvacuumin this system.

A sputtertargetcanoperateatamaximumdcpowerof 1000Wor maximumRFpowerof 600W,

andcathodespotentialcanbebetween200-1500V. Thesputtergunsarecooledby .#@ �#� water

circulatingbeneaththecathodesurface.Thedepositionrateis limited by thetypeandqualityof

targetmaterials.Largearea,uniformfilms canbeobtainedif thesampleswerelocatedatheight
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� � �
or sofrom thetarget. Figure4.2shows thesputter-systemusedfor this study. Themetalsor

metallicalloys to besputteredweremountedon themagnetrons,andsprayedcylindrical glass

chimneys wereplacedon thegun to confineandfocusthesputteredmaterials.Sampleson @ � �
Si wafersweremountedon a plain disk carrieror a disk carrierwith capabilityof heatingthe

sampleduring sputter-deposition. The systemwaspumpeddown for about2 hoursto a base

pressureof about AK/4.�2 � Ø torr.

To startsputter-deposition,cooling watercirculation to the gun to be usedwaschecked.

Argongasflow wasseton anMKS 247massflow controllerat 106.4sccmfor mostof thede-

position in this work. At this flow rate, the chamberpressurerisesto about5mtorr but with

a butterfly valve of the turbo-pumpslightly closed,the pressurerisesto 20mtorrfor the depo-

sitions. Power was turned-onand the dc voltageto the cathodeincreseduntil an Ar plasma

wasgeneratedandthepre-determinedsputtercurrentattainedandstabilized.Off-sample,pre-

sputteringwascarriedout for few minutes,thenthe samplewasrotatedto a positionover the

sputter-gun,andsputteringontothesamplecarriedout for aslong asrequiredto yield a desired

thickness.For every target, calibrationof the sputteringratemusthave beendonea priori. A

Tecnorprofilometeris usedfor aquick thicknessmeasurement,following deposition.

4.1.4 Annealing System

The high temperatureannealingsystemusedfor ohmic contactannealsis also usedfor

implant activation annealing.Temperaturesup to .�E=2=2|'L.�e�2=2 � � caneasilybe attainedwith

this furnace. Heatingelementsin the annealingsystemaretwo carbonstrips,andthe current

throughthe stripsis controlledmanuallywith a variacwhile temperatureis measuredwith an

Omega pyrometerfocusedon thecarbonstrip closeto thesamples.Thesampleswereheldon
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Figure4.2: Sputter-depositionsystemwith disk sampleholdershaving heatingcapability
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Figure4.3: Annealingsystemwith enlargedcarbonstripsshowing sample
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the carbonstrip with tungstenclips. The annealingchamberis pumpedto a vacuumof about.¿/·.�2 � Ø torr for vacuumannealing.

Power is turned-onwhenthechamberpressureis about .0/s.#2 � Ø torr, andcurrentthrough

the carbonstrips increasedslowly. The annealingtemperature( <>2=2�'
.�2=2=2 ��� ) is reachedin

2-3minswith avariacsettingof 40-45%.Mostof theohmiccontactannealswerecarriedout for

1-2minsin vacuum.During annealing,thechamberpressurerisesto about f /».#2 ��3 torr. It is

alsopossibleto annealsamplesin Ar or N � ambientswith thissystem.After annealingthevariac

is setto zero,andthe power switchedoff. The annealingchambertemperaturedropsto room

temperaturein vacuumin about3 hours.Sampleswereremovedin Ar atatmosphericpressure.

4.2 Device Fabrication and Measurements

4.2.1 Ohmic Contact Fabrication

Ohmic contact to N�� -4H-SiC

Ohmic contactswere fabricatedon implantedand epitaxial NS� -4H-SiC. The profiles of

thesematerialsarelisted in table4.1. The sequencefor ohmic contactfabricationis shown in

figure 4.4. An aluminum-titaniumalloy (Al-Ti 70-30wt%) andnickel (Ni-V 93-7wt%)were

sputter-deposited.Contactannealsfor theAl-Ti contacton the N � -implantedand N � -epilayers

wascarriedoutat .#2>2=2 ��� for 2 minutesin vacuum.Theseconditionsweretheoptimumfor low

resistancecontacts[11]. Nickel contactswereannealedon N � -implantedandN � -epilayerSiCat<=2>2 � � for 1 minutein vacuum.
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Figure4.4: Sequencefor ohmiccontactfabrication
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Ohmic contact to é � -4H-SiC

Ohmic contactswerefabricatedon epitaxial éµ� -4H-SiC (seetable4.1). The fabrication

sequenceis thesameasfor p-ohmiccontacts.A nickel-chromiumalloy (Ni-Cr 80-20wt%) and

nickel (Ni-V 93-7wt%)weredeposited.Contactannealsfor Ni-Cr contactson é � -epilayerswere

carriedout at .�2=2=2 �#� for 2 minutesin vacuum.Nickel contactswereannealedon é�� -epilayers

at <BA�2 � � for 2 minutesin vacuum[5].

4.2.2 Schottky Contact Fabrication

Schottky contactswerefabricatedon .�2�M 9 é®� -epilayerson é � -4H-SiC substratesusing

the sequenceshown in figure 4.5. The sampleswerecleanedusingstandardproceduresafter

which a 30nmthermaloxide wasgrown at .=.�A�2 � � in dry U � for about4 hours. Theseoxide

layerswereusedaseithersacrificialor passivating layers. For Schottky diodes,the sacrificial

oxide wasstripedjust beforephotolithography that definedthe Schottky diodefeaures.After

photolithography, nickel silicidewassputtered,andthesamplessubsequentlysinteredat A>2>2 ���
for 24 hours.

A secondsetof Schottky diodeswasalsofabricated.The backsideoxide (oxide on theé�� side)of the samplewasetchedin buffer oxide (BOE) for about1 minutewhile the front

sideoxidewasprotectedwith crystalbond. Nickel ohmiccontactswerefabricatedon theback

sideby sputter-depositionandhigh temperatureannealingat <BA�2 ��� for 2 minutes. After the

fabricationof backcontact,theSchottky contactswereformedby nickel silicide (Ni � Si) sputter

depositionthroughwindows openedin the front sideoxide layer. The contactthicknesswas

about .#2>2=2 ˚F . TheSchottky diodeswereformedwith passivatingSiO� surroundingeachdevice.

This setof sampleswasnot sintered.
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Figure4.5: Sequencefor Schottky contactfabication
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4.2.3 ProtectiveStack Fabrication and DeviceMesurements

Devicesoperatingat @BA�2 ��� in air haveto beprotectedfrom oxidationandcaplayer/contact

layer inter-diffusion. The protective metallizationfabricationsequenceis shown in figure 4.6.

Tantalumsilicide(TaSi� ) wassputter-depositedonohmicandSchottky contactsasdiffusion/oxidation

barrier. About .#A>2>2 ˚F of tantalumsilicide wassputter-depositedin Ar andAr/ I � gasmixtures.

Thena .�2=2=2 ˚F platinumlayerwasdepositedfollowedby caplayersof Au (1200˚F ) or Au/Sn/Au

(500˚F /25˚F /700˚F ). Cross-sectionof ohmic and Schottky contactswith protective stacksare

shown in figure4.7.

Duringprocessing,it wasobservedthatsputteringPtat f=A>2 � � improvedtheadhesionwith

theTa-Si-Nlayerconsiderably. Goodadhesionis essentialfor wire bondinganddieattach.The

metallizationsequencein figure 4.6 wassubsequentlymodifiedto allow sputter-depositionof

Pt at f>A>2 ��� . Sincephotoresiststartsto carbonizeat this temperatureetchbackof Pt in anacid

solutionaswell aslift-of f with Mo wasused.Figure4.8shows themodifiedsequence.

Pt etch back

After sputter-depositionandlift-of f of Ta-Si-Nlayer, thesampleswereloadedbackinto the

sputtersystemonthesampleholderandPtwasdepostitedat f=A�2 ��� . Photolithography, to define

thecontactareas,wasconductedwith thethick photoresist,AZ P4620,UV light exposuretime

of 1 minute. Thephotoresistover thedefinedcontactregionswasbakedfor about7 minutesat.=.�2 ��� . Thebakingreducesundercuttingof thePt duringacidetchback. Theetchantfor Pt is.#Û�IÅU�" / @>Û � � / �ÌÛ � U at <BA ��� . Etching .#2>2=2 ˚F of Pt wascompletedin about6 minutes.The

etchingprocessis moreeffectivefor diodes/MOSfeatureswheretheseparationbetweenadjacent

devicesis large. It is a little difficult to etchthefine featuresin a TLM pattern,especiallythe
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Figure4.6: Sequencefor protectivemetallizationon (a)ohmiccontact (b) Schottky contact
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Figure4.7: Device cross-sectionof (a)ohmic (b) initial Schottky (c) new Schottky contacts
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Figure4.8: Modified sequencefor protective metallization (a) ohmiccontactwith Mo lift-of f
(b) Schotky contactwith Pt etch-back
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lasttwo smallestgaps.To beableto etchthefinefeatures( �7�=M 9 gaps)effectively, thesamples

stayslongerin theetchantandsignificantundercuttingon lagerfeatureswill occur.

Thin Au caplayers(about .�f>2>2 ˚F ) weredepositedonsampleswith contactpadsre-defined

by photolithography. The Au cap layer was then lifted-off everywhereexcepton the contact

pads.

Pt lift-off with Mo

To avoid etchingsamplesin acid,molybdenumwasusedto lift-of f Pt. After Ta-Si-Nwas

depositedandlifted-off in acetone,normalphotolithography wascarriedout to leavephotoresist

on the contactpadsafter development.Molybdenumwasthendepositedon the samples,and

theMo on photoresistabove thecontactpadswaslifted-off in acetone,leaving Mo everywhere

excepton the contactpads. As a result,Mo servesthe function of photoresistif the Pt is not

sputter-depositedat f>A>2 � � . At thistemperatureMo doesnotdiffuseinto SiCor themetallization

on the samples.The lift-of f of Mo with the Pt layer on top of it is donein Û � U � in about10

minutesfor aMo of about @=2=2>2 ˚F .

A thin Au caplayer(about .�f>2>2 ˚F ) canbedepositedover thePt beforelifting-of f theMo,

sothatasingleprocessdefinesthePtandAu caplayers.For thick Au (aboutE>2=2=2 ˚F ) neededfor

wire bonding,anotherphotolithography processmaybenecessary. For higherAu thicknesses,

photoresistspin-onmayberepeated3 or moretimesto accumulatethickerAZ 5214photoresist

on thesamplefor easierlift-of f in acetone.Alternatively, Au canbeetchedback.

4.2.4 Wir ebondingand Chip Brazing

Largeareasampleswerefabricatedusinglow quality SiC for wire bonding(1.8 / 1.8cm

samplesize)andfor die attach(0.5 / 0.5cmsamplesize)testing. The sampleswerecleaned

122



usingstandardprocedures.For indirectwire bonding,adhesionof theprotective stackto SiO�
was investigated. This structurewas also brazedon ceramiccarriers. CleanedSiC was first

oxidized,thenTa-Si-N,hotPtandthick Au layersweresputter-depositedontotheoxidelayer.

Adhesionof the protective stackto ohmic contactsandSchottky contactsfor the caseof

directbondingwasalsoinvestigated.Theprotectivemetallizationandcaplayersweredeposited

withoutbreakingthevacuum.ThetopAu caplayerfor wire bondingwasabout E=2>2=2 ˚F thick.

Thewire bonderusedis acomputercontrolledultrasonicmodel.Thisequipmentis located

in the Centerfor AdvancedVehicle Electronics(CAVE) in the departmentof Electrical and

ComputerEngineering.Thebonderis capableof usingwire diametersin therange.�f>e�'¿A�2=?�M 9 .

Parameterslikebondforce,bondpower, bondtime,loopvalue,hopdistanceandsoonwerepre-

seton thesystem.This bonderoperatesby pressingthebondingwire thermosonicallyontothe

samplecap layer and thus forming a wedgebond (not a ball bond) on the sample. Careful

selectionof the input parametersleadsto good wirebonding. For this work f=AU�>M 9 (10mil)

diameterAu wire wasused.The Au wire waswedgedthermosonicallyat about f>@=2 �#� to theE=2>2=2 ˚F Au caplayer.

Chipswerebrazedto a direct-bondcopper(DBCu) substratewhich is simply a Cu-coated

ceramic( FQ� � U�" ) substratewith Ni film on theCu anda andtop thin Au film on theNi. DBCu

substrateswerepurchasedfrom Stellarindustries,thenplatedwith thick Au (few microns)be-

causetheflashAu layeris too thin for brazing.Thesubstrateswasdicedslightly biggerthanthe

SiC chipsto allow roomfor sheartesting.Thebrazingof thechip to thesubstratewascarried

out with thehelpof a Au-Snalloy (80-20wt%) preform. This preformwasselectedbecausea

Au-Snalloy euteticoccursat �¸@Bf�2 ��� which is very muchlower thanthemeltingpoint of Au.

The preformwassandwichedbetweenthe chip andthe substrate,kept undera load andplace

in thebrazingmachine.Thebrazingwascarriedout at a pressureof about .�2 � ! torr. Thebraze
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Figure4.9: (a) Largeareawire bondedsamplefor pull andbondshaertesting (b) Chip brazed
samplefor die sheartesting

temperatureprofilerampedfrom roomtemperatureto @>2=2 �#� in 5 minutes,andthenfrom @=2>2 ���
to �Ì2>2 ��� over 3 hours.

Figure4.9 shows brazedandwirebondedsamplesfor shearandpull testing. For both, a

Dagemicro-mechanicaltestsystemwasused.TheDage-PC2400canapplya5kgforcefor bond

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

4.2.5 Thermal Aging of Samples

All thesamplesfabricatedwerefirst characterizedphysically, electricallyandmechanically.

Thesepre-agingmeasurementsarereferredto as0-hr data. The sampleswerethenthermally

agedat @=A>2 � � in air using two furnaces- an old furnaceoperatedat @BA�2 � � 24 hoursa day,

anda new programmablebox furnacewith a temperaturecycling capability. This furnacewas
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programmedto cycle from f>A � � to @BA>2 � � in 1 hour, remainat @BA>2 � for 8 hours,thencycleback

to f>A � � in 1 hour, remainat f=A � � for another2 hour andthenrepeatthe cycle. At intervals

(100,500,1000hr, etc.) thesampleswereremoved from the furnacesandcharacterizedagain.

This processcontinuedfor thousandsof hoursof annealingin air at @BA>2 ��� .

4.2.6 Measurements

The set-upfor TLM measurementsis shown in figure 4.10. The total contact-to-contact

resistancewasmeasuredby passinga 1mA currentbetweenadjacentTLM padsusinga Keith-

ley 220 programmablecurrentsource. The potential(milli volts) developedbetweenthe pads

wasmeasuredwith a Hewlett Packard3478Amultimeter. Thus,whatwasmeasureddirectly by

the multimeteris the total contact-to-contactresistanceasa functionof the inter-contactspac-

ing. Thecontactresistance,specificcontactresistanceandsemiconductorsheetresistancewere

thenobtainedfrom a TLM analysis.Sampleswithout andwith protective metallizationswere

measured.TLM measurementswerealsoperformedfor someprotectedstacksasa functionof

tempertureup to @BA�2 ��� .

Current-voltage(I-V) andCapacitance-voltage(C-V) measurementswerecarriedout for

theSchottky diodes.Theset-upsfor the I-V andC-V measurementsareshown in figure4.11.

I-V measurementsup to 2V forwardbiasandreversebiasout to -300Vwereperformed.
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Figure4.10: (a)TLM measurementset-up (b) measurementconfiguration
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Figure4.11: (a) Current-Voltagemeasurementset-up (b) Capacitance-Voltagemeasurement
set-up
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CHAPTER 5

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-nitrogen(M-Si-N) amorphousfilms have beenstudiedascandidatesfor diffusion

barrierlayersbetweeninterconnectmetals(Cu,Al) andsilicon [112, 106,136].

In this study, four silicide materials(MoSi� , WSi� , TaSi� andTa! Si" ) wereconsideredfor

barrierlayersonSiCdevicesfor hightemperatureapplications.Theeffecivenessof TaSi� , WSi�
and MoSi� as diffusion/oxidationbarrier layersat @=A>2 � � in air was investigatedby sputter-

depositingthesilicideson SiC.Platinumcaplayersweredeposited.RBSdataof thesesamples

asafunctionof annealingtimein air at @BA>2 �#� areshown in figure5.1.BasedontheRBSspectra

thefollowing conclusionscanbemade.

1. Platinumpermittedoxygento diffusein air at @BA>2 ��� .

2. Mo-Si andW-Si films underPtcaplayerwereoxidizedwhenthesampleswereannealing

in air. Mo-Si andW-Si layerswerealmosttotally oxidizedafter 120 hoursand780 hoursof

annealingin air, respectively.

3. Significantmixing of W-Si with Pt caplayerwasobserved.

4. The Ta-Si layer showed high resistanceto oxidationandlittle mixing with the Pt over-

layer.

Basedon theseresults,Mo-Si andW-Si weredropedin preferenceto Ta-Siascandidatefor the

diffusion/oxidationbarrier.
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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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TaSi� and Ta! Si"
The choicebetweenTaSi� and Ta! Si" for the depositionof Ta-Si-N was madein favor

of TaSi� . Figure5.2(a)shows that nitrogenwasactually incorporatedin the tantalumsilicide

films. The amountof nitrogenincorporatedincreaseswith increasingpercentageof nitrogen

flow during sputter-deposition. Van der Pauw sheetresistivity measurements[figure 5.2(b)]

showedthatabove2%nitrogenflow theresistivity of theTa-Si-Nlayerobtainedfrom theTa! Si"
target incresesrapidly andis significantlyhigherthantheresistivity of Ta-Si-N layerdeposited

using TaSi� . Figure 5.2(c) is the plot of nitrogencontentin the Ta-Si-N layer as a function

of nitrogenflow percentage.Films depositedfrom Ta! Si" containmore nitrogenand hence

aremoreresistive asindicatedby thevanderPauwresistivity measurements.Nitrogenatomic

percentagesin thefilms werecomputedusingfit to RBSspectratakenwith andwithoutnitrogen

in the � ` �YP � 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 usingTaSi� is shown in figure5.3(a)asa functionof nitrogencontentand

timeof annealingin air at @=A>2 �6� . Thesheetresistanceincreaseswith increasingnitrogencontent

in the film. For any particularamountof nitrogenhowever, the sheetresistanceis very stable

with annealtime up to 5000 hours. However, it becamemore difficult to measurethe sheet

resistanceafter2500hoursbecauseof a thin surfaceoxidelayerasindicatedby a gradualcolor

changeof the surfacefrom metallic gray to light gold. Figures5.3(b) and(c) show the RBS

spectrausedto monitor the oxidationkineticsof the Ta-Si-N films. In thesespectra,oxygen

incorporatedduringfilm depositionwasobservedthroughoutthefilms; however, oxygenin the

surfaceoxidelayerincreaseswith annealingtime.
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Figure5.2: (a)RBSspectraof SiC/Ta-Si/Ta-Si-Nwith 0, 2, 5, 10%nitrogencontentby flow rate
(b) vanderPauwsheetresistivity of Ta-Si-Nfrom TaSi� andTa! Si" targets (c) Nitrogenaomic
percentageagainstnitrogenflow
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Figure5.3: (a) Sheetresistanceof Ta-Si-Non semi-insulatingSiC againstannealtime in air at
350

���
(b) RBSspectraof Ta-Si-Nonsemi-insulatingSiCfor 0 and5000hrs(b) 0%and(c) 2%

nitrogenflow
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5.1.2 Structur eof Ta-Si-N

X-ray diffraction scansin figure 5.4 show that the Ta-Si-N films with differentnitrogen

contentwereamorphous(or possiblynanocrystalline)asdeposited.TheXRD scansalsoshow

that the films aremoreamorphousasthe nitrogencontentincreases.Thereareno observable

changesin theXRD scansafter750hoursof annealingin air or in anevacuatedquartztubeat@BA�2 � � . Annealingwasperformedto determinewhetherthefilms wouldbecomepolycrystalline.

It is known thatamorphousmaterialsbecomepolycrystallinewith time at elevatedtemperature

[112]. Sinceamorphouslayersaregenerallygooddiffusionbarriersbecauseof theabsenceof

grainboundaries,theobservedamorphousstructureandits stability is aplusfor Ta-Si-N.

5.2 Resultson Ohmic Contacts

5.2.1 ContactsWithout ProtectiveMetallization

TLM resultsonohmiccontactson NS� -4H-SiCand é�� -4H-SiCarepresentedin thissection

for sampleswithout protective metallization.Thesesampleswerenot annealedin air after fab-

rication. Theresultsarefor as-fabricatedohmiccontactsbut with differentcontactmetal,metal

thicknessesandcontactannealconditions.

Totalcontact-to-contactresistancewasmeasuredonsamplesannealedbetween<>2=2 '|.�2=2>2 � �
for 1 - 2 minutes.Typicalplotsof total resistanceversusinter-contactspacingis shown in figure

5.5. Usingtheequation, (Hw�� f à G � ( �+*ç � ( �+*Efç (5.1)

the specificcontactresistanceandsheetresistaceof the implantedor epitaxialsampleswere
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Figure5.4: XRD scanof Ta-Si-Nwith 0, 2, 5, and10%nitrogenflow (a) as-sputteredsamples
(b) samplesannealedin air at 350

� �
for 750hrs (c) samplesannealedin evacuatedquartztube

at 350
���

for 750hrs
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Figure 5.5: Total contact-to-contactresistanceagainst inter-contact spacingfor (a) nickel
ohmic contacton p� implantedmaterial (b) nickel-chromium(80-20wt%) ohmic contacton
n� epitaxialmaterial
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Target 4HSiC t(nm) Annealcondition Æ=Ç°È9ÉËÊlÌhÍÏÎ°Ð Ñ©Ò<ÓGÈ9É¸Ô�ÕsÖ�Ð M- Ñ×Ò�ÓVÈ9É¸Ô�Õ°Ö�ÐØ�Ù�ÚbÛrÜÞÝ@ßbÛ à¦á
-impl. 240 â°ã�ã�ãÄä7å /2min/Vac âAæçâsãQèéâ°ãEê ß âAæëâ°ãQèéâsã ß

16.4/1.8Ø�Ù�ÚbÛrÜÞÝ@ßbÛ à á
-impl. 110 â°ã�ã�ã ä å /2min/Vac ì¿æîíAï�èéâ°ã êGð í¿æ ñ�ì�èéâsãÄÎ 40.2/7.2Ø�Ù�ÚbÛrÜÞÝ@ßbÛ à¦á
-epi. 100 â°ã�ã�ãÄä7å /2min/Vac ì¿æ�ò=ãQèéâ°ãEêGð âAæ ñ¿ò	èéâsã ß

67.8/13.5Ø�Ù�ÚbÛrÜÞÝ@ßbÛ à á
-epi. 190 â°ã�ã�ã ä å /2min/Vac ñvæîó-ãQèéâ°ã ê ß ï¿æ ã�ò	èéâsãÄÎ 15.7/1.9Ø�Ù ôLÛrÜÞÝLõ\Û à á
-impl. 300 â°ã�ã�ã ä å /2min/Vac ó¿æçâsãQèéâ°ã êGð âAæ0öÄò	èéâsã ß

-/0.9÷ Ý ÊøòAùQú û á
-epi. 200 â°ã�ã�ã ä å /2min/Vac âAæ0ãÄò	èéâ°ã êGð 43.6 11.9/2.0÷ Ý ÊøòAùQú à á
-impl. 140 â°ã�ã�ã ä å /2min/Vac ü¿æîìAì�èéâ°ã ê¦ý í¿æ0ï�ï�èéâsãÄÎ 52.1/4.4÷ Ý ÊøòAùQú à á
-impl. 100 íAã�ã ä å /1min/Vac ï¿æ�ò-í�èéâ°ã ê¦ý âAæ ãÄí�èéâsã ß

43.5/5.4÷ Ý ÊøòAùQú û á
-epi. 100 í�ïAã ä å /2min/Vac âAæîíAï�èéâ°ã ê¦ý 42.6 -÷ Ý\þbÛ å×Æ Î Û û á
-epi. 50 â°ã�ã�ã ä å /2min/Vac ü¿æçâsãQèéâ°ã ê¦ý 34.3 -/13.6÷ Ý\þbÛ å×Æ Î Û û á
-epi. 100 â°ã�ã�ã ä å /2min/Vac ö¿æîí-ãQèéâ°ã êTÿ 53.6 -/5.2ïAã�ã ä å /120min/� Î ò�æ0ãAãQèéâ°ã êTÿ 53.6 5.2/4.2÷ Ý\þbÛ å×Æ Î Û à á
-impl. 130 â°ã�ã�ã ä å /2min/Vac âAæîó-ãQèéâ°ã êGð í¿æîò¿â|èéâsãÄÎ 48.9/5.9÷ Ý\þbÛ å×Æ Î Û à á
-impl. 100 íAã�ã ä å /1min/Vac ó¿æ0ã�í�èéâ°ã êGð âAæ0ó�ì�èéâsã ß

60.3/7.4÷ Ý Î Û å×Æ þLÛ à á
-impl. 90 â°ã�ã�ã ä å /2min/Vac ó¿æ0ãAãQèéâ°ã êGð í¿æ0ö�ó�èéâsãÄÎ -÷ Ý Î Û å×Æ þLÛ û á
-epi. 100 â°ã�ã�ã ä å /2min/Vac ì¿æçâsãQèéâ°ã êGð 57.3 -/10.0÷ Ý ÿ Û å×Æ ð Û û á
-epi. 100 â°ã�ã�ã ä å /2min/Vac í¿æîï-ãQèéâ°ã ê¦ý 41.2 -/3.7÷ Ý ÿ Û å×Æ ð Û û á
-epi. 50 â°ã�ã�ã ä å /2min/Vac ñvæîü-ãQèéâ°ã ê¦ý 39.6 -/8.3

Al1% Si/
à á

-impl. 10/40 í�ó�ï ä å /2min/Vac âAæîó-ãQèéâ°ã êGð âAæëâ7ó�èéâsã ß
-/1.9÷ Ý ÊøòAùQú

Ti/Al1% Si/
à á

-impl. 1/1/4 í�ó�ï ä å /2min/Vac âAæîï¿â|èéâ°ã êGð âAæ ãÄö�èéâsã ß
-÷ Ý ÊøòAùQú

Table5.1: Variousohmiccontactsfabricatedin this study. Themetalin contactwith theSiC is
on theleft for thecaseof two or morelayers.Themetalsheetresistance( & '�( �+* ) columnhas
valuesbefore/aftercontactannealing.t is thecontactmetalthickness.

determined.Table5.1 shows the list of variousohmiccontactsthatwerefabricatedduring the

courseof this study.

RBSspectraof theas-depositedandannealednickel contactsareshown in figure5.6.These

plotsindicatedthereactionof Ni with SiCathightemperature( ��<=2>2 ��� ) to form nickel silicide

which is ohmicon SiC. Nickel silicide sputter-depositedon SiC from a silicide targetdoesnot

form anohmiccontactto SiC.A high temperaturereactionis necessary, asreportedpreviously

[5].
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Figure5.6: ExperimentalandRUMP simulatedRBSspectraof (a) as-depositednickel contact
onSiC (b) nickel ohmicannealedon SiC
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5.2.2 Ohmic Contact with ProtectiveMetallization

Ohmic contacton N�� -4HSiC

Thefirst setsof ohmiccontactson NS� 4H-SiCwereformedfrom 70-30wt%Al-Ti and93-

7wt% Ni-V. The protective stackwasTa-Si-N/Pt-NandthecaplayerwasAu/Sn/Au. Tin was

sandwichedbetweenAu layersto simulatethe 80-20wt%Au-Sn preformthat was later used

for chip brazing. The percentagesof N � flow in the sputtergas was 0, 1, 1.5 and 2. These

percentagesarethe fractionsof N � flow rateto the total flow rate(Ar plusN � ) duringsputter-

deposition.TLM resultsfor theas-fabricatedohmiccontactswith protectivemetallizationstacks

wereanalyzedto obtainthespecificcontactresistanceandsheetresistanceof thecontacts.At

certaintimesduringtheannealsof in air, themeasurementswererepeated.Figure5.7showsthe

plot of specificcontactresistanceandSiC sheetresistanceasa functionof annealingtime up to

4000hoursfor 0 and2%nitrogencontentin thestack.

Thespecificcontactresistanceandthesheetresistancefor nickel contactwerestableafter

4000hoursof annealing.However, the Al-Ti contactwithout nitrogenin the protective stack

showed significantchangesin the specificcontactresistanceandsheetresistancevaluesafter

about2500 hour of anealing. The variationsmostprobablymark the begining of the failure

of Al-Ti contactdue to the oxidation of Al. The Al-Ti contactwith 2% nitrogencontentin

theprotective stackwasstill very stableafter4000hoursof annealing.Theobservedelectrical

stability of theohmiccontactstestifiesto theeffectivenessof theprotective stackon thep-type

ohmiccontact.

Mixing/dif fusion andoxidationof the compositeohmic multi-layeredmetallizationstack

weremonitoredwith RBS andAES. Little oxidationandinter-diffusion wereobserved in the

RBS spectraof figure 5.8(a) for the broadareaNi contacts. However, mixing is apparentin
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Figure5.7: SpecificcontactresistanceandSiC sheetresistanceagainstannealingtime 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

139



Figure5.8: RBS spectraof p-ohmiccontactafter 24, 1500and4000hrsannealing(a) nickel
ohmiccontactwith 2% nitrogenin thestack (b) Al-Ti ohmiccontactwith 2% nitrogenin the
stack.
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the Al-Ti contactafter 4000hrs. AES datashows betterresolutionof the very light elements.

Figure5.9(a)is for anunannealed,as-depositednickel contact.Oxygenat thenickel surfacewas

observed,with lessoxygenthroughoutthenickel andTa-Si-N layers.Thesurfaceoxygenwas

picked-upwhenthe sputtersystemwasopenedto changetargets. Oxygenis alsoobserved in

theohmicannealednickel contact[figure5.9(c)],but doesnotaffect theelectricalcharacteristics

of the contactsadversely. During ohmic contactannealing,Ni reactswith Si in SiC leaving a

carbonrich surfacebetweenSiC andthe resultingNi-Si contact. The oppositesurfaceof the

Ni-Si contactis alsorich in C, andsurfaceoxygenis clearlyvisible asshown in figures5.9(b)

and(d).

With or withoutnitrogenin thestack,thecaplayersandthePt layerdonotdiffusethrough

Ta-Si layer. Tantalumsilicide effectively preventsthe diffusion of Pt andAu, thoughlimited

mixing is observedat thePt-Au andPt-TaSiN interfacesafter1500hours. The Sn layersand-

wichedbetweenAu layersdiffuseinto theAu layerswith increasingannealingtime.

Figures5.10showsthatcarbondiffusesmorereadilythroughtheTa-Sibarrierlayerif there

is no nitrogenin the layer. 2% (by flow rate)nitrogencontentin Ta-Si-Nreducestherateof C

diffusionappreciably. Sputter-depositionof thetantalumsilicide targetin anAr/ I � gasmixture

improvesthebarrierpropertyof Ta-Si-Nsignificantly. It is alsotrue thataftera 3000hranneal

in air theamountof U � in thestackdoesnot increasesignificantlyabove the level observed in

theas-depositedsamples.As a resulttheelectricalpropertiesof thecompositecontactsremain

stableafter4000hrof annealingin air at @BA>2 ��� .

Ohmic contacton n � -4HSiC

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

contactresistanceswith orwithoutnitrogencontentin theprotectivestack(Ta-Si-N/Pt-N/Au/Sn/Au)
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Figure5.9: AESspectrafor (a)as-depositednickel contactwith nonitrogenin themetallization
stack (b) as-depositednickel with 2% nitrogenin thestack (c) nickel ohmiccontactwith no
nitrogenin thestack (d) nickel ohmicwith 2%nitrogenin thestack
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Figure5.10: AES spectraof nickel ohmic contactsannealedin air at 350
���

for 1500hrs(a)
nickel ohmiccontactswith nonitrogenin thestack (b) nickel ohmiccontactswith 2%nitrogen
in thestack
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werevery low prior to annealingthesamplesin air at @BA�2 � � . For contactswithoutnitrogencon-

tentandwith 1% (by flow rate)of N � in thestack,it wasimpossibleto accuratelymeasurethe

total contact-to-contactresistanceafter24 hoursof annealingin air at @BA�2 ��� . For stackswith

1.5%and2% N � rate, the contactresistanceincreasesafter 24 hoursof annealingby abouta

factorof four. After the initial increase,thespecificcontactresistanceremainsalmostconstant

for up to 4000hoursof annealing.Figure5.11 shows the plots of specificcontactresistance

andsheetresistanceagainstthetimeof annealing.Thereasonfor thesuddenincreasein contact

resistanceis notapparentfrom theRBSdatawherenoappreciableoxidationor diffusionwasob-

served.AESspectra,however, showedthatthereis highdiffusionof carboninto thebarrierlayer

asthe time of annealingincreases,so the increasein resistancemay be dueto the increaseof

carboncontentandits accumulationat theinterfacebetweentheohmiccontactandtheTa-Si-N

layer. Figure5.12shows RBSandAESplots.

5.2.3 Metallization with Hot Platinum

AdhesionproblemsbetweenTa-Si-N andPt-N in the metallizationstackwere identified

during thebrazingof thestackto a ceramiccarrier. To overcomethis problem,Pt wassputter-

depositedonSiC/.../Ta-Si-Nkeptat f>A>2 �#� duringtheperiodof Ptdeposition.Thismodification

increasesadhesionbetweenPt andTa-Si-Ndramatically. Theprocessof ohmiccontactfabrica-

tion with theprotective stackwassubsequentlymodifiedbecausethephotoresistnormallyused

to patternthemetallizationwill carbonizeat f=A�2 � � andbecomedifficult to remove. Molybde-

numwasfoundto besuitablefor lifting-of f hotPt in H � O� . An acidetchbackof thehotPtalso

workedwell, exceptthatverysmallfeaturesof TLM weredifficult to etch.
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Figure5.11:(a)Plotsof specificcontactresistanceagainstannealingtimefor Ni-Cr (80-20wt%)
ohmiccontactswith 2%nitrogenin thestack (b) Plotsof SiCsheetresistanceagainstannealing
time for Ni-Cr (80-20wt%) ohmiccontactswith 2%nitrogenin thestack
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Figure5.12:(a)RBSspectraof Ni-Cr (80-20wt%) ohmiccontactsafter24and4000hrsanneal-
ing; AESspectraof Ni-Cr (80-20wt%) ohmiccontactswith 2%nitrogenin thestack(b) before
annealingin air (c) aferannealingin air for 1500hrs
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All nickel ohmic contactwith hot Pt metallization

Becauseof thesuccesswith nickel ohmiccontactson NS� -implanted4H-SiC,thedecision

wasmadeto usenickel ohmic contactson both NS� and é�� materialwith Pt in the protective

metallizationstacksputteredon hot substrates.With this modifiedmetallizationscheme,TLM

measurementon nickel ohmic contactsto p- andn-SiC werecarriedout. Nickel ohmic con-

tactson N � -implanted4H-SiC was very similar to thoseobtainedbeforewith cold Pt in the

metallizationstack. This implied that sputteringPt at f=A�2 � � doesnot affect thecontactresis-

tancesignificantly(Figure5.13). For theohmiccontacton é�� -epilayers,thecontactresistance

increasesgenerallywith annealingin air at @BA�2 � � . However, the total contact-to-contactre-

sistancefor several padsincreasedsharplyout of the normal range( -|� .�2=� ) and the direct

proportionalityof theresistanceto inter-contactspacingwaslost aftera few hundredsof hours

annealing.It wasdifficult to determinetheproblemwith theRBS(figure5.14). Both RBSand

AESdid not indicateoxidationof thecontactsasthecauseof theproblem.

Plotsof total contact-to-contactresistance,specificcontactresistanceandSiC sheetresis-

tanceasa functionof annealingtime for nickel contactson p- andn-SiC areshown in figures

5.15and5.16.

Contact resistanceat elevated temperatures

TLM resultsattemperaturesupto @BA�2 ��� for implantedsamplesandthecorrespondingspe-

cific contactresistanceandsheetresistanceareshown in figure5.17.Both G � and ( �+* approache

minimumvaluesatelevatedtemperatures.Thecontactpropertiesmeasuredat roomtemperature

werereproducedaftermeasurementsat elevatedtemperatures.
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Figure5.13: Total contact-to-contactresistanceof (a) cold andhot Pt in themetallizationstack
with nonitrogencontent (b) coldandhotPt in themetallizationstackwith 2%nitrogencontent
(c) nickel ohmic contacton n� epilayerSiC with hot Pt and2% nitrogenin the metallization
stackafterdifferentannealtimesin air
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Figure5.14:RBSspectrumof anickel ohmiccontactonn� epitaxial4H-SiC.
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Figure5.15: SpecificcontactresistanceandSiC sheetresistancefor nickel ohmic contactson
n� epitaxial4H-SiCwith hotPtand2%nitrogencontentin themetallizationstack.
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Figure5.16: SpecificcontactresistanceandSiC sheetresistanceof nickel ohmic contactson
p� implanted4H-SiCwith hotPt in themetallizationstack.
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Figure5.17: Plotsof (a) total contact-to-contactresistanceagainst inter-contactspacing (b)
Specificcontactresistanceagainsttemperatureand (c) SiCsheetresistanceagainsttemperature
for nickel ohmiccontactonp� implanted4H-SiCwith 2%nitrogenin themetallizationstack.
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5.3 Resultsfor Schottky Contacts

5.3.1 I-V and C-V Results

The metalcontacton the first setof Schottky diodesweresinterednickel silicide (Ni � Si)

with 0 - 2% nitrogen(by flow rate) in the stackmetallization. A significantdecreasein the

numberof good diodeswith 0% nitrogencontentwas observed after only 24 hrs annealing.

After 1500hrsanneal,almostall deviceswith 0% and1% nitrogencontentwerebad,andless

than50%of thediodeswith 2%nitrogenin thestackwerestill functional.Thefirst indicationof

problemswith thediodeswasthedropof 3 to6ordersof magnitudein currentat2V forwardbias.

Becausethestructureof thediodeswassuchthat theprotective stackdoesnot cover thewhole

of the silicide contact,it is believed that at @BA�2 ��� the exposedsilicidesat the circumference

of thediodeoxidizedandthat theoxidegrew laterallyundertheprotective stack,thuscausing

an increasein the resistanceof the contactmetal. The barrierheightor turn-onvoltageof the

devices incresedto more than double the initial value after 24 hrs anneal,but subsequently

remainedstablesubsequentlyasshown in figure 5.18. The ideality factoralsoshows that the

diodesbehave moreideally afterstabilizing.However, very few devicessurvivedthe4000hour

anneal.

New Schottky devices

Thenew setsof Schottky deviceswerefabricatedsothattheprotectivestackoverlayedthe

contactlayer anda portion of the passivating oxide layer arounddevices. Two setsof diodes

werefabricated,deviceswith unsinterednickel silicide contactsanddeviceswith Ta-Si-Nused

asthecontactmetal.0, 2, 5 and10%by nitrogenflow ratewasusedin thestacks.ThePt in the

metallizationwassputter-depositedhotandetched-backin anacidsolution.
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Figure5.18: Nickel silicide Schottky devices(a) forward J-V dependenceon annealingtime
(b) reverseJ-V dependenceon annealingtime (c) barrier height and ideality factor against
annealingtime.
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Theyeild anddistribution of thedevicesaccordingto the leakagecurrentat -10V reverse

biasareshown on barchartsin figure5.19. TheTa-Si-NSchottky have higherleakagethanthe

nickel silicide Schottky, but Ta-Si-Ndevicesaremorestableasa functionof annealingtime.

Thepurposeof theSchottky devicewasto evaluatetheeffectivenessof theprotectivestack

in air at @BA>2 ��� , sinceSchottky diodesaremoresensitive to whatever is happeningat themetal-

semiconductorinterface.Thecurrentdensity- voltagecharacteristicsof thenickel silicideSchot-

tky devicesareshown in figures5.20and5.21,while figures5.22and5.23show similar result

for theTa-Si-Ndevices.Theforwardcharacteristicsup to 2V andthereversecharacteristicsout

to -300V areshown for variousnitrogenpercentages.Very slight shifts to higherbarrierheight

weregenerallyobservedfor all devices,but moresignificantlyfor deviceswith 0%nitrogencon-

tent.Theoreticalfits to theforwardcharacteristicsusingthethermionicemissionequationswere

plottedwith theexperimentaldatato monitorthebarrierheightandideality factorasa function

of annealtime. Thebarrierheightsweregenerallystablewith time of annealingfor bothsetof

devices.Theideality factorsof thediodesalsoremainstableandnearunity with annealingtime.

Theseresultsimplied that thestacklayereffectively protectsthecontactsfor high temperature

exposuresin air. Figure5.22show plots of barrierheightandideality factorsasa function of

annealingtime for deviceswith differentnitrogencontentin thestackmetallization.

Capacitancemeasurementsweremadewith thediodesunderreversebiasto -4V, in order

to extract barrierparameters.Plotsof Z[F×� � ]�� against the magnitudeof reversepotentialare

shown in figures5.25and5.26for variousannealingtimesandfor differentnitrogencontentin

thestack.

The linearity of Z[F×� � ] � indicateduniform dopingconcentrationandthe fact that themi-

nority carrierconcentrationin thesedevicesarenegligible. More than70%of thedeviceshad

linear characteristicsthat remainedso after 1500 hr annealsin air. The barrier heightswere
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Figure5.19: Bar chartof currentdensityat -10V reversebias for nickel silicide andTa-Si-N
Schottky devices(a) 0hr nickel silicide contacts (b) 0hr Ta-Si-N contacts (c) 1500hrnickel
silicide contacts (d) 1500hrTa-Si-Ncontacts
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Figure5.20: Nickel silicide Schottky devices(a) forwardcharacteristicswith 0% nitrogen (b)
reversecharacteristicswith 0% nitrogen (c) forwardcharacteristicswith 2% nitrogen (d) re-
versecharacteristicswith 2%nitrogen.
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Figure5.21: (e) Forwardcharacteristicswith 5% nitrogen (f) Reversecharacteristicswith 5%
nitrogen (g) Forwardcharacteristicswith 10%nitrogen (h) Reversecharacteristicswith 10%
nitrogen.
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Figure 5.22: Ta-Si-N Schottky devices (a) forward characteristicswith 0% nitrogen (b) re-
versecharacteristicswith 0%nitrogen (c) forwardcharacteristicswith 2%nitrogen (d) reverse
characteristicswith 2%nitrogen.
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Figure5.23: (e) Forward characteristicswith 5% nitrogen (f) reversecharacteristicswith 5%
nitrogen (g) forward characteristicswith 10% nitrogen (h) reversecharacteristicswith 10%
nitrogen.
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Figure5.24:Nickel silicideSchottky devices(a)barrierheightagainstannealingtime (b) ideal-
ity factoragainstannealingtime. Ta-Si-NSchottky devices(c) barrierheightagainstannealing
time (d) ideality factoragainstannealingtime.
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Figure5.25:Plotsof (A/C) � againstappliedbiasfor nickel silicidediodeswith (a)0%nitrogen
(b) 2%nitrogen (c) 5%nitrogen (d) 10%nitrogencontentin themetallizationstack.
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Figure5.26: Plotsof (A/C) � againstappliedbiasfor Ta-Si-Ndiodeswith (a) 0% nitrogen (b)
2%nitrogen (c) 5%nitrogen (d) 10%nitrogencontentin themetallizationstack.
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calculatedfrom theintercepton thepotentialaxisusingtheequation,

� � �� l � ü �¯ Z¦.m� 8 �ÆZ I �I�� ]¦] (5.2)

wherefor 4H-SiC, I � ± ��Wá?BfK/4.�2 a ! &øZ 9 � � 9 �#] " Õ � � " Õ � 869 � " ,9 � �¸2OWá@Be 9 � , thenumberof equivalentconductionbandminimais M = 3.

Thenfor T = 300K, I � ± .�WdE><t/4.#2 a�j 8:9 � " , andwith themeasureddopingconcentration

of about fÌWXAK/4.�2 a 3 869 � " ,g � 'sg¡�·�ÊZ ü �¡�U¯=]�Z98 �µZ I � ��I0�¡] ± 2 Wê.�e�RU and � � ±  l �72 WXf>2
Figure5.24alsoshowstheplot of theC-V barrierheightversustheannealingtime. Thestability

of the barrierheightwith annealingtime supportsthe observed J-V characteristicsthoughthe

barrierheightsfrom theC-V measurementsarehighercomparedto thosefrom theJ-V measure-

ment.C-V datawasobtainedwith thedevicesin depletionunderreversebias,while for theJ-V

characteristics,thebarrierheightwasdeterminedwith thedevicesforwardbiased.

RBSandAES spectrafor theSchottky contactsareshown in figure5.27. Neithersignifi-

cantinter-diffusionnor oxidationof thecontactswasobserved.However, movermentof carbon

within thestackwasobservedfrom theAESdata.

5.4 Wir ebondingand Brazing Results

5.4.1 Chip ShearTesting

Adhesionwithin the metallizationstackaswell asadhesionof the stackto thermalSiO�
(indirect bonding)and to ohmic and Schottky devices (direct bonding)are essentialpartsof

this study. Indicationsof adhesionproblemswerefirst noticedwhile brazingthe Ta-Si-N/Pt-

N/Au/Sn/Austackto a thermaloxide.ThoughTa-Si-Nhasgoodadhesionto SiO� , theadhesion
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Figure5.27: Nickel silicide Schottky contactswith 2% nitrogenin themetallizationstack (a)
RBSspectra (b) AESspectraafter1500hrannealin air.
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Figure5.28:Chipshearstrengthwith cold Pt in themetallizationstackagainstannealingtime.

of the brazedA 9ã9 /sA 9ã9 sampleson their ceramicholdersdegradedsignificantly in air at@BA�2 � � . Figure5.28shows theinitial brazingresultsthat indicatesthathigh nitrogencontentin

thestackmaybedetrimentalto adhesion.

RBSspectraof ashearedsampleshowedtheinterfacebetweenTa-Si-NandPt is theweak-

estlink in themetallizationstack.ThisadhesionwassignificantlyincreasedwhenPtwassputter-

depositedon SiC/SiO� /Ta-Si-Nat f=A>2 �#� . With hot Pt, adhesionwasvery good,andthestack

did not fail undermaximumshearforce(100kg). Theadhesionremainexcellentwith annealing

time up to 1000hrs. Samplesthat passedthe sheartestingweresubjectedto additionalshear

testingafter furtherannealingin air. Thestressincurredduring thefirst sheartestingseemsto

healwith furtherannealing.
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Figure5.29: Chip shearstrengthwith hot Pt and2% nitrogenin themetallizationstackagainst
annealingtime.
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5.4.2 Wir ebondPull and ShearTesting

Bond pull and sheartestingwere carriedout on the following metallizationstructures:

SiC/SiO� /Ta-Si-N/Pt-N/Au(indirectwirebonding),SiC/Ni-Si(ohmic)/Ta-Si-N/Pt-N/Au,

SiC/NiSi(Schottky)/Ta-Si-N/Pt-N/Au. Metallizationswith hot Pt on thermalSiO� and NiSi

Schottkys heldup very well. 100%of thetime, it wastheAu wire thatbroke while doingpull

testing,andfor thesheartesting,theseparationof thewirebondfrom thesampleswasabove the

Au caplayeron thesamples.Figure5.30(a)shows thebondpull andshearstrengthsagainstthe

time of annealingfor the samples.The breakingmodeof the Au wire during pull testingand

sheartestingareshown in figure5.30(c).

Wirebondpull andsheartestsresultswerenot asgoodfor hot Pt stacksdepositeddirectly

onannealednickel ohmiccontacts.Many bondsfailedattheinterfacebetweentheohmiccontact

andthe Ta-Si-N layer. The reasonfor the failure wasattributedto carbonliberatedduring the

contactannealand left on the surfaceof the nickel silicide layer. The RBS andAES results

in figures5.31and5.32show that a thin layer of carbonwasleft on the silicide surfacefor a

startingnickel thicknessof about120nm.Thecarbonwasprimarily surfacecarbon,but thereis

considerablecarbonthoughoutthenickel silicide layeraswell. Figures5.31and5.32alsoshow

that thesurfacecarboncanberemovedthrougheitheroxygenplasmaetchingor by ion milling

with a low energy Ar beam(1keV, 5-8 minutes).Theratio of nickel to carbonat thesurfaceof

as-annealedcontactswasabout1:2. On Ar ion cleanedsamplestheratio wasabout5:4 andon

theoxygenetchedsamplesit wasabout3:1.

Theresultof cleaningshowedthatbothcleaningproceduresremove surfacecarbon;how-

ever, the Ar ion cleanalso removed a thin layer of left over nickel during incompleteohmic
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Figure5.30:Wirebondpull andshearstrengthsagainstannealingtime for (a)metallizationwith
2% nitrogenandhot Pt on a thermaloxide (b) metallizationstackwith 2% nitrogenandhot Pt
onanickel silicide Schottky contact (c) Au wire failuremodeandshearedwedgedbond.
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Figure5.31:RBSandAESresultsfor nickel ohmiccontacts(a)RBSof ohmicannealedcontacts
(b) AES of ohmicannealedcontacts (c) RBSof RIE cleanedohmiccontacts (d) AES of RIE
cleanedohmiccontacts

170



Figure5.32: RBSandAES resultsfor nickel ohmiccontacts(a) RBSof Ar ion cleanedohmic
contacts (b) AESof Ar ion cleanedohmiccontacts.
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contactannealing.OxygenRIE could not remove the nickel which is sometimesusedaspro-

tectivemaskduringoxygenRIE. Theresultof wirebondpull andsheartestingshowedthatRIE

sampledid not show muchimprovementin adhesionbecauseof theunreactednickel. However,

for the samplescleanedusingAr, whereboth carbonandnickel surfacelayerswereremoved,

thereis significantimprovementin theadhesionasshown in figure5.33. At 1000hrannealing,

theadhesionis still good.Picturesof failedmetallizationon nickel ohmiccontactsareincluded

in figure5.33. Direct wirebondpull andsheartestresultson annealed80-20wt% Ni-Cr or as-

depositedNi with hot Pt werealsonot goodasa resultof thesameproblemsdescribedfor the

annealednickel contacts.
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Figure5.33: (a) wirebondpull andshearstrengthof Ar ion cleanednickel ohmiccontacts (b)
pictureof failedwirebondand (c) pictureof goodpull andshearbonding.
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CHAPTER 6

CONCLUSIONS

Variousohmic contactswerefabricatedin this study, andfabricationconditionswereop-

timized to obtain very low specificcontactresistance.Low contactresistanceis essentialto

minimizepower lossesin high voltage/highcurrentdevices. Specificcontactresistancesin the

range.�Wê.×/·.#2 � " to EOWá<�/4.�2 ��3 �»' 8:9 � wereobtained.

RBS resultsshowed that of four silicides studiedfor useasdiffusion/oxidationbarriers,

tantalumsilicidesputter-depositedfrom TaSi� wasmoreresistantto oxidationandmoreeffective

asadiffusionbarriercomparedto Ta! Si" , molybdenumsilicideandtungstensilicide. Evenwith

Pt caplayers,Mo-Si andW-Si oxidizebecauseof oxygendiffusionthroughthecaplayers.

Tantalumsilicide sputter-depositedfrom TaSi� in an Ar/N � gasmixture haslower sheet

resistancecomparedto tantalumsilicide from Ta! Si" . Thesheetresistanceof Ta-Si-Nincreases

with increasingnitrogencontentin thefilms. Ta-Si-Nfilms with 0,2,5 and10%by nitrogenflow

ratein thesputter-gaswereamorphousas-deposited,andthey remainamorphousafterannealing

for 750 hoursin air or vacuumat 350
���

. It wasobserved from XRD that increasingnitrogen

contentin the films madethemmoreamorphous.The Ta-Si-N films areresistantto oxidation

andamorphouswith gooddiffusionbarriercharacteristics,sothatthey aresuitablefor thejob of

protectingohmicandSchottky contactsoperatingat elevatedtemperaturein air.

The protective metallizationstack,Ta-Si-N/Pt-N/Au,was found to be very effective on

ohmicor Schottky contactsannealedin air at 350
�6�

. Physicalcharacterization(AES andRBS)

showedthattheprotective metallizationstackpreventsrapidoxidationof thecontactsandmin-

imizesinter-diffusion/mixingwithin the contact/stackcombination.RBS dataafter 4000hour
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annealsin air at350
� �

andAESdataafter1500hourswereanalyzedfor signsof oxidationand

diffusion.

For ohmiccontactshowever, carbongeneratedduringthehigh temperatureohmiccontact

annealis very mobile,andit diffusesthroughthe barrier layers,especiallythosewith zeroni-

trogencontent. Barrier layerswith 2% nitrogenaremuchmoreresistantto carbondiffusion.

For p� implanted4H-SiC, the movementor accumulationof carbondoesnot affect the elec-

trical characteristics(specificcontactresistanceandSiC sheetresistance)significantly. But for

n� epitaxialSiC, the total contact-to-contactresistancebetweenTLM adjacentpadsincreased

significantly with increasingannealtime in air. The conclusionwas that carbonaccumula-

tion/diffusion increasedthe resistanceof the contact. The effect noticeablebecauseinitially,

thecontact-to-contactresistancesfor then-epilayersweremuchlower thanfor thep� implanted

material.

For Schottky devices,J-V characteristicsandC-V characteristicswerelargely stablewith

annealingtime. Ta-Si-N Schottky deviceshadhigherreverseleakagecurrentsthanthe nickel

silicide Schottky devices. Barrier heightsand ideality factorswere determinedfrom the J-V

andC-V measurementsby fitting theexperimentaldatato theoreticaltransportequations.The

barrierheightfrom theJ-V datawerelower comparedto theC-V data,andthebarrierheights

of Ta-Si-NSchottky deviceswerelower thanthoseof thenickel silicide devices.This accounts

for thehigherleakagecurrentsof theTa-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 Schottky contactandAu

diffusioninto thecontactwasobviousafterjust 24hoursof annealingin air at350
���

.

Adhesiontestscarriedouton thesamplesresultedin thefollowing observations.

1. Initial die attachsheartestingshoweddegradedadhesionwith annealingtime in air andwith
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increasednitrogencontentin themetallizationstack.

2. Sputter-depositionof Ptat250
� �

increasedadhesion,with dieshearstrengthsabovethemax-

imum possibleof 100kg,for up to 1000hourannealingin air.

3. Hot Pt metallizationstackson SiO� (for the purposeof indirect wirebonding)werewire-

bondedwith 10mil Au wire. Wirebondpull andsheartestingshowedthattheadhesionwith the

stackwasexcellent,with nodegradationfor up to 2000hourof annealingandtesting.

4. Direct wirebondingon nickel silicide Schottky contactswith hot Pt stacksshowed that ad-

hesionwasvery good. Bondpull andsheartestresultswerevery stablefor annealtimesup to

1000hours.

5. Direct wirebondingon annealednickel ohmic contactswith hot Pt stacksresultedin poor

adhesion.However, Ar ion cleaningthesamplesjust after theohmic contactannealimproved

adhesiondramaticallyandproducedbondpull andshearresultsthat arevery stablefor 1000

houranneals(longerannealsarecurrentlyunderway). It wasconcludedthattheproblemof ad-

hesionon theas-annealedohmiccontactswasdueto thesurfacecarbonandunreactedsurface

nickel left afterthecontactanneal.

Moredetailedstudiesof thedifferencesbetweenohmiccontactcharacteristicsfor implanted

andepitaxiallayersis essential.Also, furtherstudyof theability of theTa-Si-Nbarrierlayerto

preventdiffusionandoxidationat highertemperatures,say400- 500
� �

, would beinformative.

Modification of the ohmic contactannealprocessby the introductionof a protective layer on

the contactmetalduring the annealor by the additionof a sticking layer betweenthe ohmic

contactandthe barrier layer may prevent the needfor Ar ion cleaningof the contactsbefore

stackmetallization.Theseoptionsneedto beinvestigated.

This studyhasbeenbasedon the applicationof a comprehensive setof characterization

techniques- electrical(I-V, C-V, LTLM), physical (RBS,AES) andmechanical(wirebondpull
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andsheartesting). Basedon the applicationof thesetechniquesfor the contactmetallizations

studied,thefollowing recommendationscanbemadefor theformationof composite,high tem-

peraturecontactsto 4H-SiC:

, A protective stack,Ta-Si-N/Pt-N/Au,with 2% nitrogencontentandPt sputter-deposited

at 250
� �

, is aneffective diffusion/oxidationbarrierfor ohmicandSchottky contactsop-

eratingin air at 350
� �

.

, Sputter-depositednickel ( - 100nmthick) annealedat 900
���

for 1 minute in vacuum

makesanacceptableohmiccontactfor heavily dopedp-4H-SiC( I û ;�@�/4.�2 a�j 869 � " ).
, Sputter-deposited80-20wt% Ni-Cr ( - 100nmthick) annealedat 1000

� �
for 2 minutes

in vacuumcanbeusedfor ohmiccontactson n� epitaxialSiC.

, Sputter-depositednickel silicide formsa stableSchottky contactsonn � epitaxialSiC.

, Nickel silicideSchottky contactswith theprotectivestackcanbewirebondeddirectly (on

silicide)or indirectly (onSiO� ), Argon ion cleanednickel andnickel-chromiumohmiccontactswith theprotective stack

canbewirebondeddirectly. Without ion cleaning,indirectwirebondingis necessary.
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