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Introduction

Electricalenergyconsumptionanddemandhasbeencontinuouslyincreasinginbothad-

vancedanddevelopingcountries.Recentlyfossilfuelshaveseentheirpricesdrastically

decreased,fromnearly100$perbarrelinmid2014tobelow50$perbarrelinthebe-

ginningoftheyear2015[IEA2015].Ataglobalscalethisdecreaseactsasaneconomic

stimulus.However,thecombustionoffossilfuelsforenergypurposesrepresentsalarge

amountofgreenhousegasemissions(abouttwothirdsofallanthropogenicgreenhouse

gasemissions),which,duetotheirlonglifetimeresultinginthecumulativebuiltup

intheatmosphereisresponsiblefortheobservedglobalwarmingandtheirroleinthe

climatechangeisnowwellestablished.Astheworldpopulationiscontinuouslyincreas-

ing(forinstancetheglobalpopulationisincreasingby1.18%peryear,representing83

millionspeopleperyear[Eeckhout2015])soistheelectricitydemand.Thus,inaiming

tolimitgreenhousegasemissionandmorespecificallytokeeptheglobalwarmingbelow

thecriticalthresholdof2◦C,governmentshavesignedaninternationalenvironmental

treaty(theUnitedNationsFrameworkConventiononClimateChange)onlongterm

objectivestowarddeepcutsinglobalgreenhousegasemissions[IEA2015].Inorderto

fulfillitspledge,EUmustreduceitsgreenhousegasemissionbyatleast40%belowthe

1990levelsby2030.TheprogressestowardthisgoalareassessedattheyearlyUnited

NationsClimateChangeConferences,thisyearheldinParis2.

Thus,sustainablegrowthinbothadvancedanddevelopingcountriesreliesonthereduc-

tionofgreenhousegasemissions.Thisreductionispossiblebydevelopingthefieldof

greenelectronics[Ohashi2012],i.e.cleanerandmoreefficienttechnologiesaremanda-

torytoachievecarbonemissionsreduction.Inthismanner,twoapproachescanbe

envisioned[Baliga2012]. Ononehand,electricityproductionshouldrelyonmoreand

2http://www.cop21.gouv.fr
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morerenewableenergysources,suchassolarpower,windpower,tidalpowerorhy-

dropowerwhichusespowerelectronicstoconvertthegeneratedacpowertowellsuited

powerthatcouldbeusedbyconsumers. Powersemiconductorbaseddevicesarekey

componentstosustainhighvoltageandcurrent,hightemperatureandhighpowerden-

sityduringsuchconversion. Thesecondapproachconsistsinachievinglowlossesand

highefficiencysystemsforthemanagementandthetransferofpowerfromthepointof

productiontothepointofconsumption.

Attheheartofthesystemisthepowersemiconductor,whichisatpresent mainly

basedonSilicon.Infact,ascomparedtoothermaterials,ithasaperformances/cost

ratiowhichleadstoacommercialfigureofmeritunbeatableatpresent[Udrea2015].

However,evenifspecificarchitectures,suchassuperjunctiontransistors[Antoniou2010]

aredeveloped,Sibasedpowerdevicesarereachingthemateriallimits. Thus,power

devicesbasedon WBGsemiconductorssuchasSiC,GaNorDiamondareemerging.

Thesuperiorphysicalpropertiesof WBGsemiconductorsmakesthemsuitableforhigh

powerswitchingapplications. SiCdevicesaswellasGaNbaseddevicesarealready

undercommercialization.Diamond,still,isattheresearchanddevelopmentstageand

isintensivelystudiedbyseveralgroupsaroundtheworld(France,Japan,USA,Russia,

Spain,UK...).

Overtwodecadesoftechnologicalprogressesingrowthquality,dopingcontrolanddevice

processinghaveledtotheemergenceofnewpotentialitiesforpowerelectronicapplica-

tions.Asdiamondrepresentstheultimatesemiconductorowingtoitssuperiorphysical

properties,effortshavebeenconductedtodevelopvariouselectronicdevices,suchas

Schottkydiodes,fieldeffecttransistors,bipolartransistor,p-i-njunctions...

Asaprerequisitetothedevelopmentofnewgenerationdiamondpowerdevices,onone

side,isthedevelopmentofsimulationtoolsabletoanticipatethedeviceelectricalprop-

ertiesaswellasitsarchitectureinordertotakefulladvantageofthematerialphysical

properties.Ontheotherhand,experimentalstudyofthegatecontact,thesecondbuild-

ingblockofthetransistor,isfundamentalinordertodevelophighperformancedevices.

Inthisregard,onecanconsiderseveralopenquestions:(i)Arethesimulationtoolsable

totakeintoaccountthespecificitiesofdiamondtomodelelectricaldevices?(ii)Isthe

aluminumoxidesuitabletodevelopaMOSFETgatecontact?(iii)Ifso,istheoxide/di-

amondinterfaceofgoodenoughquality?(iv)IsthefabricationofadiamondMOSFET
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atechnologicalissue?Inordertoaddressthesequestions,thismanuscriptisorganized

asfollows:

Chapter1:Inthisfirstchapter,themainstakesforpowerelectronicswillbepresented.

Forlow-carbonemissiontechnologies, WideBandGap(WBG)semiconductorssuchas

SiC,GaNanddiamondwillplayafundamentalroleinfutureapplications.Emphasizeon

thediamondphysicalpropertieswillhelptounderstandwhythismaterialistheultimate

WBGsemiconductor.Stateoftheartdiamonddeviceswillbepresentedfocusingon

fieldeffecttransistors. Acomplementarytopicforthedevelopmentofnewgeneration

diamondpowerdeviceistheanticipationofdeviceelectricalpropertiesandarchitecture

throughfiniteelementbasesimulationsoftware.Thus,theneedforreliablesimulation

toolswillbepresented.

Chapter2: Themainmodelsimplementedinthesimulationtoolswillbepresented

andemphasizeonthediamondelectricalpropertieswillbegiven. Forthesimulation

ofdiamondmetal-oxide-semiconductorfieldeffecttransistor(MOSFET),thestudyof

twobuildingblocksisrequired:thep-njunctionandthegatecontact.Thelaterideal

propertieswillbepresentedwhiletheformerwillserveasabasisforthecalibrationof

thephysicalparametersimplementedinthefiniteelementbasedsoftware.

Chapter3: Thischapterwillpresentthemainresultsconcerningthediamonddevice

simulations.Inafirstpart,resultsonthep-njunctionsimulationwillbepresented.

Inparticular,generation-recombinationmodelsinfluenceonthesimulatedp-njunction

electricalpropertieswillbediscussed.Finally,thesimulationoftheelectricalproperties

ofadiamondmetal-oxide-semiconductorfieldeffecttransistor(MOSFET)willbeshown.

Chapter4:Inthisfinalchapter,focuswillbemadeondiamondmetal-oxide-semiconductor

capacitor(MOSCAP)fabricationandcharacterization.Specifically,theinterfacialband

configurationoftheAl2O3/oxygen-terminateddiamond(O-diamond)hasbeeninvesti-

gatedusingX-rayphotoelectronspectroscopy.Theresultshelpedtoestablishtheband

diagramoftheAl2O3/O-diamondheterostructure.Then,theelectricalpropertiesofthe

diamondMOSCAPwillbeshown.Inparticular,investigationoftheinterfacestatesden-

sityrevealedthepinningoftheFermilevelattheinterfacebetweentheAl2O3andthe

O-diamond. Moreover,theleakagecurrentsthroughtheAl2O3layerwillbediscussedin

termsoftemperaturedependenttrapassistedtunnelingofholesfromthediamondlayer

tothetopgatecontact.Finally,theelectricalcharacterizationofthefirstO-diamond
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MOSFET,performedattheNationalInstituteforAdvancedIndustrialScienceandTech-

nology(AIST)inJapan,willbepresented.Evenifthisfirstattemptwasunsuccessful,

itispromisingforthedevelopmentofdiamondMOSFETsincethedemonstrationofthe

actualrealizationofthedeviceisclearlyestablished.

Ageneralconclusionwillthenfollowandtheoutlookofthepresentworkwillbedis-

cussed.
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Chapter1.Diamond:thefutureofpowerelectronics 6

1.1 ContextofPowerElectronics

Inthecontextoffastincreaseintheenergyconsumptionwiththeneedtoreducegreen-

housegasemissions,greenertechnologiesarerequired.Forcompetitivelow-carbonre-

newableenergyandsmartgridapplications,theimpactofPowerElectronics(PE)is

striking.InthesmartgridofFig.1.1[3M],consistingofanetworkofmodernizedsys-

temswhichensurestheefficientdistributionofelectricityfromthesourcetotheend

pointofconsumption, WideBandGap(WBG)semiconductorswillplayafundamental

roletowardsgreenerandmoreefficienttechnologies.

Transmission/Distribution 

Generation 

e-mobility 

Energy storage 

Smart buildings 

New information communication technologies 

Figure1.1:Exampleofasmartgrid. Theefficienttransmissionandgeneration
ofelectricityfromthesourceofproductiontotheendpointofconsumptionis
ensuredbytheuseoflowlossdeviceswhichinthenearfuturewillbemadeofWBG

semiconductors.

Currently,approximately30% ofallelectricpowergeneratedutilizesPEsomewhere

betweenthepointofgenerationanditsenduse[DepartmentforBusiness2011].PEis

usedformoreefficientrenewableenergyproductionanddistributionincludinginhighly-

efficientelectricitydistributionoverlongdistancesviaHighVoltageDirectCurrentpower

lines(HVDC)aswellasinthebettercontrolofloadsandsourcesinswitchingpower

suppliesandvariable-speeddrivesformotorsthatdrivefans,pumps,andcompressors.

By2030,itisexpectedthatasmuchas80%ofallelectricpowerwillusePEsomewhere

betweengenerationandconsumption[Tolbert2005].Evenwithstate-of-the-artelectric

equipment,thetransformationoftheelectricalenergyoccurswithsignificantlosses1

1partlyduetothesemiconductorpowerdevices
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(forexample5% inFrancefromthesourcetothepointofuse2),becauseavailable

semiconductors(mainlySilicon)arenotidealforhighpowerapplications.Infuture

smartgridsinvolvingdelocalizedrenewableenergysources,theseenergylossesbecome

evenmoreimportant,sincePEareneededthroughoutthegridtomonitorandcontrol

theever-changingsupplyanddemandoflow-carbonelectricitytransitingthroughthe

grid. Thisisevenmorecriticalinthecaseofoffshorewindfarmswhereanefficient

energytransportationtechnology,suchasHVDC,isrequired.

Thekeytotheefficienttransmissionandconversionoflow-carbonelectricalenergyis

theimprovementofPEdevices,whichmustbedurableandreliableinhighpowerhigh

temperatureenvironmentstoeliminatetheneedforauxiliarysystems."Greenelectron-

ics"[Ohashi2012],i.e.highlyefficientelectronicdevicesarecruciallyimportantforour

futureenergysystemastheywillincreasetheefficiencyofelectricityproductionand

distributionwithverydisruptivegainsexpectedatthesystemlevel. Firstestimation

givesafactorof4improvement,i.e.75%reductioninlosses,representingabout10MW

energysavingona300MWHVDCconverter. Theywillalsoprovidemoreflexibility,

facilitatingtheintroductionofvariableanddistributedsourcesofrenewableenergiesinto

thegrid.

Diamondisoneofthemostpromisingmaterialforfuturepowerelectronicapplications.

Itisa WBGsemiconductorhavingexceptionalphysicalpropertieswhicharecompared

toSiCandGaNinthenextsection.

1.2 Widebandgapmaterials

Roadmapsforfuture WBGsemiconductorelectronicsenvisiontheemergenceofSiCand

GaNpowerdevicesforhighvoltageapplicationsandenergysaving,specificallyforhigh

switchingspeedandlowlosscharacteristics[Okumura2015].Diamondistheyoungest

technologyamongthe WBGsemiconductors.Nevertheless,itisseenasthenextgenera-

tionmaterialforveryhighpowerapplicationsowingtoitsoutstandingphysicalproper-

ties,andispredictedtohaveapplicationswherehighblockingcapabilitiesarerequired.

Fig.1.2illustratestheroadmapforfutureadvancedpowerdevices[Ohashi2012]. Si

2http://data.worldbank.org/indicator/EG.ELC.LOSS.ZS
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devicesremainthecheapestmaterialandhaveacommercialfigureofmeritwhichisun-

beatableatpresent[Udrea2015]. Moreover,thedevelopmentofnewarchitecturessuch

asSiSuperJunctionMOSFET(Metal-Oxide-SemiconductorFieldEffectTransistor)al-

lowstoreachon-resistancestentimeslowerthanthepredictedSilimit[Kagata2013].

Accordingtothisroadmap,itisexpectedthatSiIGBT(InsulatedGateBipolarTran-

sistor)willbereplacedbySiCMOSFETinthevoltagerangeofmorethan1kVandSiC

IGBThaspotentialtoreachapplicationsinthe10kVrange. GaNpowerdeviceswill

replaceSiinapplicationssuchaspowerintegratedcircuitarea.Diamondhaspotential

applicationsinthehightoveryhighvoltage(>10kV)range.

 

 

 

 

 

 

 

Fig.7: Progress in the Recent advanced power devices  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 8: Road map of the future advanced power devices 

 

Figure1.2:Roadmapforfuturepowerdevices[Ohashi2012].Sihasstillanimpor-
tantroletoplayandconstanteffortismadetoincreasethedeviceperformances.
GaNandSiCpowerdeviceswillcoexistandimprovetowardhighblockingvoltage
applications.Diamondispredictedtocoverhighblockingvoltageapplications(10

kVrange).

ThefundamentalbuildingblockofPEisthesemiconductor.Siliconisbyfarthemost

advancedsemiconductormaterialandhasbeendevelopedformorethan50years.How-

ever,ithasdifficultiesinmeetingthedemandforsomehigh-powerapplicationsdueto

limitationsinitsintrinsicpropertiesasshownonTab.1.1.

Inparticular,thenarrowbandgapofSilimitstheoperatingtemperatureto150◦Cand

importantthermalmanagementisrequiredtolimitthejunctiontemperaturebelowthis

limit[Tolbert2005]. Eventhoughspecificarchitectureshavebeendeveloped,suchas



Chapter1.Diamond:thefutureofpowerelectronics 9

SuperjunctionTransistorsovercomingtheSilimit[Antoniou2010], WBGsemiconduc-

torshavesuperiorelectricalpropertiesascomparedtoSi.AmongWBGsemiconductors,

SiliconCarbideisthemostadvancedpowersemiconductortechnology.Oneofthemain

reasonbeingtheavailabilityoflargesubstrates,evenifthedevicecoststillremainsex-

pensiveascomparedtoSidevices. However,theperformancesofSiCdevicesenables

thefabricationofcheaper,smallerandmoreefficientpowersystems[Dimitrijev2015].

AnexampleofcommercialachievementistheintegrationofaSiCpowermoduleinone

ofthesixcarsoftheTokyoMetroGinzalinein2013withDCvoltageratingof600V3.

ComparedtothepreviousSipowermodules,thissystemachievesareductionofpower

lossesby30%.

GalliumNitridedevicesarealsocommerciallyavailableintheformofHighElectron

MobilityTransistors(HEMT)mainlyforfastandefficientswitchingapplicationswith

voltageratingof650V4.

Atpresent,therearestillnocommercialdiamondelectronicdevicesavailable,butre-

searchisprogressingveryfasttoimprovesubstratequality,sizeanddeviceperformances.

Duringthelastdecade,significantprogressesweremadeonSchottkydevicesandRF

transistors. Theselatterdevices,workingwithoutaninversionlayer,useaholeaccu-

mulationlayerbelowthehydrogen-terminatedsurfaceasconductionchannel,controlled

3http://www.mitsubishielectric.com/news/2013/0326-a.html
4http://www.gansystems.com/trans-temp.php.

Property [unit] Si 4H-SiC GaN Diamond

Bandgap EG[eV] 1.1i 3.23i 3.45d 5.45i
Dielectricconstant εr 11.8 9.8 9 5.7
CriticalField Ecrit[MV/cm] 0.3 3 2 10
Thermalconductivity λ[W/cm.K] 1.5 5 1.5 22
Sat.driftvelocitye− vs[10

7cm/s] 1.0 2.0 2.2 2.7
Sat.driftvelocityh+ vs[10

7cm/s] 1.0 1.1
Electronsmobility µe[cm

2/V.s] 1500 1000 1250 1000
Holesmobility µh[cm

2/V.s] 480 100 200 2000

Johnson’sFOM JFM[1023Ω.W/s2] 2 911 490 3064
Keyes’FOM KFM[107W/K.s] 9 49 16 215
Baliga’sFOM BFM[Si=1] 1 554 188 23017

Table1.1: PhysicalpropertiesofSilicon(Si)andSiliconCarbide(SiC),Gallium
Nitride(GaN)anddiamondusedinpowerelectronicsandtherelatedfiguresofmerit
(FOM)(Johnson,KeyesandBaliga).iandddenoterespectivelyindirectanddirect
bandgap.Thevaluesaregivenatroomtemperature.TheFOMwerecalculatedat

300Kforelectronsexceptfordiamondforwhichholeswereconsidered.
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byatopgate.AFETwith850mA/mm5saturationcurrentand22GHzoftransition

frequencyforRFapplicationshasbeenreported[Kawarada2012]. Moredetailswillbe

givenlater,butwecanmentionpowerdevicesuchastheSchottkyrectifier,deviceswith

upto10kVbreakdownvoltage[Butler2003,Volpe2010,Umezawa2013,Traoré2014],

aswellasSchottky-pndiodeswithhighcurrentdensityof4kA.mm−2andlowspecific

resistanceof0.4mΩ.cm2[Makino2009].Theserectifiershaveaveryhighrectification

ratio,typically1010,andcanoperateupto400◦Cwithverygoodelectricalcharac-

teristics.However,littleefforthasbeendedicatedtothedesignofhigh-voltagespecific

buildingblockssuchasfieldplatesandguardrings,sothatsignificantimprovementsin

devicecharacteristicsareexpectedwiththeimplementationofthesetechniques.

Inordertohaveabetterinsightoftheperformancesof WBGsemiconductorstheir

physicalpropertiesaresummarizedinTab.1.1.Inparticular,SiC,GaNandDiamond

havelargercriticalfieldandthermalconductivitythanSi. Diamondis"outrageously"

betterthanitscompetitors.Specifically,itsbreakdownfieldismorethan30timeslarger

thanthatofSiand3timeslargerthanthatofSiC,makingitsuitableforhighblocking

voltageoperations.Itsthermalconductivityof22W/cm.Kmakesitacandidateforhigh

temperatureapplications.Itssuperiorholemobilitymakesitsuitableforhighfrequency

operationdevicesandhighcurrentapplications.Usually,thecomparisonbetween WBG

semiconductorsismadethroughthecalculationoftheFigureOf Merit(FOM),either

Johnson’sFOM,Keyes’sFOMorBaliga’sFOMdependingonthetargetedapplications.

Theyaredescribedasfollows:

Johnson’sfigureof merit(JFM)representstheabilityofamaterialforhighfre-

quencyandhighpowertransistorapplications[Johnson1965].ThisFOMisboth

applicabletoFETandwithcautiontobipolartransistor.

JFM=
Ecrit.vs
2π

2

(1.1)

Keyes’figureof merit(KFM)displaysthethermallimitationtotheswitchingbe-

haviorathighfrequency[Keyes1972].

KFM=λ
c.vs
2π.εr

1/2

(1.2)

5avaluegreaterthanthe90mA/mmofSiCplanar MOSFET[Noborio2009]andgreaterthanthe
300mA/mmofAlGaNchannelHEMT[Nanjo2013].
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wherecisthelightvelocity.

Baliga’sfigureof merit(BFM)definesamaterialefficiencytominimizeconduc-

tionlossesinpowerapplications[Baliga1982,Baliga1989].

BFM=εr.µ.E
3
crit (1.3)

AccordingtotheexpectedFOMpresentedinTab.1.1diamondisbyfarthemostappro-

priatematerialforhightemperature,highfrequencyandhighpowerdensityapplications.

1.3 Diamond:theultimatesemiconductor

TheearlydaysofpowerelectronicswerebasedontheuseofSi.However,everincreasing

requirementsforhigherefficienciesandresiliencytoharshenvironment(suchasblocking

voltageof2kVandaboveandworkingtemperatureof400◦C[Iacopi2015])haveledthe

communitytoconsiderWBGsemiconductorsasreplacementtoSi.Inmanyapplications,

thelowcriticalfieldofSi(Ecrit=2−3×10
5V.cm−1dependingonthedopingleveland

thebreakdownvoltageBV [Baliga2012])isthemainlimitingfactor[Dimitrijev2015].

Consideringadiodeoratransistorintheplanarstructure,thehighestbreakdownvoltage

isjustover2900V,assumingadopinglevelofND ≈10
14cm−36. Thecriticalfield

relatestothestrengthoftheatomicbondsofthematerial(Eg=1.12eVforSi).Thus,

thewiderthebandgap,thestrongertheatomicbondsandasaresultthehigherthe

criticalelectricfield. This meansthatbyusing WBGsemiconductorssuchasSiC,

GaNordiamond,thebreakdownvoltagecanbenoticeablyincreased. Forexample,

intheidealcase,adopinglevelof1015cm−3[Traoré2015]fordiamond(Ecrit=10

MV.cm−1,ǫsc=5.7),wouldresultinabreakdownvoltageofBV≈150000Vaccording

toEq.1.8whichwillbediscussedlater.However,SidevicessuchasthyristorsandIGBTs

showremarkableperformances.Forinstance,ABBSemiconductorsLtd.reportedthe

realizationofthyristorswithvoltageratingof6.7kV,7.2kVand8.5kV[Vobecky2014].

Inthiscase,particularattentionsarepaidonthecarrierlifetime,siliconresistivityand

thicknessandonthesiliconarea.Here,thepowerdevicecoverstheentireareaofasix

inchsiliconwafer.Asdiscussedinthefollowing,theuseof WBGsemiconductorsmight

resultinthereductionofthedevicesizeaswellasintheimprovementoftheRonSvs.

6Thelowestdopinglevelachievableiscloseto1013cm−3.
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BV figureofmeritascomparedtoSi. Theuseof WBGpowerdeviceswillhowever

bringnewchallengesintermsofpackaging(hightemperature,highelectricfield,higher

switchingfrequencies),thermalmanagement(highpowerlossdensities)anddedicated

gatedrivers.

DiamondisconsideredastheultimatesemiconductorasregardstothecalculatedFOM

(seeTab.1.1).Intheory,diamondshouldbesuitableforhighfrequency,hightemperature

andhighpowerdensityapplications. Moreoveritsintegrationtopowermoduleshould

considerablyreducethesizeofthepowersystemtogetherwiththecoolingsystem. More

specifically,thedesignofapowersemiconductorisdeterminedbythedriftlayerthickness

[Rouger2015]. ThethicknessofthedriftlayerWdriftanditsdopinglevelNdriftare

givenbythespecifications(requiredbreakdownvoltageBV)aswellasbythephysical

propertiesofthesemiconductor,suchasitsrelativedielectricconstantanditsdielectric

strength. Thus,inthemostsimplifiedapproachwherethecriticalelectricfieldEcrit

isintroduced7andforanon-punch-through(NPT)designasillustratedinFig.1.3,the

followingrelationshipsareestablished.First,thebreakdownvoltageBV istheintegral

oftheelectricfield,suchthat:

BV =

Wdrift

−xpmax

E(x)dx (1.4)

Thespacechargeregionmainlyextendinginthelowestdopedregionallowstoneglect

−xpmaxinEq.1.4.Thus,integratingthislastequationleadsto:

BV =
Wdrift·Ecrit

2
(1.5)

ThisissimplytheareaundertheelectricfieldcurvedepictedinFig.1.3.Then,thedrift

layerthicknessisexpressedasafunctionofthebreakdownvoltageBV andthecritical

electricfieldEcritas:

7Ecritisthelargestelectricfieldwhichcanbeappliedtoasemiconductorbeforetheavalanchebreak-
downoccurs.Thisvalueisafunctionofthedopinglevel,theelectricfieldprofileandthetemperature.
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p-type region n-type region 

Space charge region 

Ndrift 

Wdrift 

x 

E(x) 

Ecrit 

E0 

Reverse bias increasing 

-xpmax 

Figure1.3: Principleofthedriftlayerdesignforanon-punch-throughdevice.
Here,ap-njunctionisrepresented,howeverthedriftlayerresistancedoesnottake
intoaccountthecarrierinjection,i.e.theresistivitymodulationisnotconsidered
[Rouger2015].−xpmax representthemaximumexpansionofthespacechargere-

gioninthep-typeregion.

Wdrift = Ecrit·
εscε0
qNdrift

=
2·BV

Ecrit
(1.6)

Solvingtheone-dimensionalPoisson’sequationinthespacechargeregionallowsto

establishthefollowingequation:

Ecrit =
qNdrift·Wdrift

ǫscǫ0
(1.7)

PuttingEq.1.6togetherwithEq.1.7,finallyleadstotheexpressionofthedriftlayer

dopinglevelNdriftasafunctionofBV andEcritsuchthat:
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Ndrift = E2crit·
εscε0
2q·BV

(1.8)

whereqistheelementarycharge,εscisthesemiconductorrelativedielectricconstant

andε0isthevacuumpermittivity.

Finally,foraunipolardevicewithoutresistivitymodulationinon-state(forinstance

Schottkydiode,HEMTor MOSFET),assumingthefullionizationofdopants8,the

specificon-resistanceRonS,withSthesemiconductorarea,isexpressedas:

RonS =
Wdrift
qµNdrift

=
4·BV2

µεscε0·E3crit
(1.9)

whereµisthecarriermobilityinthedriftlayer.Onecannoticethatthedenominator

inEq.1.9representsBaliga’sFOM.Thus,itappearsthatthehighertheEcritofthe

semiconductor,thehigherthedopinglevel(seeEq.1.8).Atthesametime,thethickness

ofthedriftlayerisreduced(seeEq.1.6). Moreover,foragivenblockingvoltage,the

on-resistancewillbestronglydecreasedbyreplacingSibya WBGsemiconductordue

tothepresenceofthecriticalfieldatthedenominatorofEq.1.9.

Property [unit] Si 4H-SiC GaN Diamond

Ndrift(1kV) [cm
−3] 1.3×1014 2.5×1016 3.7×1016 1.6×1017

Wdrift(1kV) [µm] 100 6.7 4 2
RonS(1kV) [mΩ.cm2] 333 0.19 0.03 0.004

Table1.2:Ndrift,WdriftandRonScalculatedforabreakdownvoltageBV =1
kV[Rouger2015]forSilicon(Si)andSiliconCarbide(SiC),GalliumNitride(GaN)

anddiamondusedinpowerelectronics.

ApplyingthisextremelysimplifiedmodeltothesemiconductorsofTab.1.2,thebenefit

inusingWBGsemiconductorsoverSiisstriking.Ndrift,WdriftandRonSarecalculated

forabreakdownvoltageof1kV.Itappearsclearlythatthedopinglevelisincreased

andthatboththedriftlayerthicknessandthespecificon-resistanceareconsiderably

decreasedinthecaseofSiC,GaNanddiamond.ThesuperiorityofWBGsemiconductors

8Thisistrueforhightemperatureoperation.



Chapter1.Diamond:thefutureofpowerelectronics 15

GaN 

Diamond 

S = 1 cm2 

Ron = 333 mΩ Ron = 0.19 mΩ Ron = 0.03 mΩ Ron = 0.004 mΩ 

S = 0.06 mm2 S = 0.01 mm2 S = 13 µm2 

Constant area (1 cm2) 

Constant Ron (333 mΩ) 

Diamond GaN SiC Si 

BV = 1 kV 

10
0 
µm
 

7 
µm
 

4 
µm
 

2 
µm
 

7 
µm
 

4 
µm
 

2 
µm
 

Si 
SiC 

10
0 
µm
 

Cu
rr
en
t 
flo
w 

Cu
rr
en
t 
flo
w 

Figure1.4:Illustrationoftheadvantageof WBGsemiconductorsoverSiinterms
oftheRonSvs.BV tradeoff[Rouger2015]. WBGsemiconductorsshowsmaller
contactareasaswellasthinnerdriftregion(representedbythedoublesidearrow).

overSiisfurtherillustratedinFig.1.4,wherethesemiconductorsarecomparedforeither

samecontactareaorsameon-resistance. Asaconsequence,theon-statelossesaswell

asthedynamiclossescouldbeminimizedbytheuseof WBGsemiconductors.Fig.1.5

showsthescalingofFig.1.4consideringablockingvoltageof1kV[Rouger2015].Among

WBGsemiconductors,diamondisunbeatableintermsofsize.

. 

1 cm 

Si 245 µm 
100 µm 

SiC GaN 
Diamond 

3.6 µm 

Zoom 

Figure1.5:ScalingofFig.1.4consideringablockingvoltageof1kV[Rouger2015].
AmongWBGsemiconductors,diamondisunbeatableintermsofsize.
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Theabovedescribedapproachisbasedonseveralhypothesis,suchasthecomplete

ionizationofdopants,theconstantmobilityofcarriersandthenegligiblysmallcontact

resistance,aswellasadesignofthedriftregionwithNPTandnobipolarcarrierinjection

tomodulatethedriftregionresistivity.Thus,amorerealisticapproachconsistsintaking

intoaccounttheincompleteionizationofdopantsaswellasthetemperaturedependence

ofthemobilityasgivenbyUmezawaetal.[Umezawa2012],asillustratedinFig.1.6.

10-4

10-3

10-2

10-1

102 103 104 105

Breakdown Voltage [V] 

Si 

4H-SiC 
250oC 

4H-SiC 
RT 

Diamond 
250oC 

Diamond 
RT 

Figure1.6:Specificon-resistanceasafunctionofthebreakdownvoltageforSi,SiC
anddiamondinthecaseofverticalunipolardevice[Umezawa2012].

Inthisstudy,thespecificon-resistanceRonSandthebreakdownvoltageBVofapseudo-

verticalSchottkydiodemadeoutofastackedp−/p+junctioncanbeexpressedbytheuse

ofthefollowingrelationships,inthecaseofunipolardevicesandinthepunch-through

configuration[He2002]:

RonS =
WPT
pµq

+Rp++rc (1.10)

BV = Ecrit×WPT−
qNAW

2
PT

2εscε0
(1.11)
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withWPTisthedriftlayerthicknessinthepunch-throughdesign,pistheholecon-

centration,µistheholemobility,qtheelementarycharge,Rp+ isthep
+-typelayer

resistance,rcisthecontactresistanceandNAisthedopinglevel.

Astheblockingvoltageisincreasedthespecificon-resistanceisalsoincreased.Dueto

itslowcriticalfield,SishowsahighRonSevenforblockingvoltagesbelow1kV.Forthe

sameBV,SiCshowsaRonSabout167timesbetterthanSiatroomtemperature.For

roomtemperatureapplications,diamondhasnoadvantagesoverSiCforBV below10

kVduetotheincompleteionizationofdopants.Asthetemperatureisincreasedto250

◦C,thespecificon-resistanceofSiCisdegradedbyafactorof∼3whilediamondseesits

RonSimprovedbyafactorof∼2whenmaintainingabreakdownvoltageof1kV.This

behaviorcomesfromtheimprovedionizationratioathightemperatureduetothehigh

activationenergyoftheboronacceptorsindiamond(Ea=0.38eV).Ithastobenoticed

thatthisapproachmightnotbevalidduetothefactthatthecriticalelectricfieldEcritis

notaccurate.Infactapproachesbasedontheionizationintegralcalculationforagiven

electricfieldprofilemustbecalculatedasproposedin[Raynaud2010,Hiraiwa2015].In

anycase,diamondhasabettertrade-offcharacteristicovertheentireBV rangeand

isexpectedtosurpassSiCdevicesinhightemperatureapplications. Thus,lowloss

diamondpowerdevicesshouldbeavailablewithsmalleractiveareaandpossiblygood

performance/costratio.

Gate Drain Source 

n+-type n+-type 

n- 

p-type 

Rdrift 

Rchannel Rn+ Rn+ 

Rcontact Rcontact 

Figure1.7:Illustrationofthedifferentcontributionstothetotalresistanceinaplanar
n-channelMOSFET.Thetotalresistanceiscomposedofthecontactresistance,the

n+-typeresistance,thechannelresistanceandthedriftlayerresistance.

IntheplanarMOSFETrepresentedinFig.1.7,thecurrentflowbetweenthesourceand

thedrainisinducedbycreatinganinversionlayerchannelatthesurfaceofthep-type

region.Theblockingvoltageisgovernedbythen−-typelayerwidth,andisreferredas
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thedriftlayer.ThetotalresistanceintheplanarinversionmodeMOSFETisdetermined

bytheresistanceofthecomponentinthecurrentpath,suchthat:

Rtotal=2×Rcontact+2×Rn++Rchannel+Rdrift (1.12)

whereRcontactisthecontactresistanceonthen
+-typelayer,Rn+ istheresistanceofthe

n+-typelayer,RchannelisthechannelresistanceandRdriftisthedriftlayerresistance.

ThislastcomponentisthemaincontributiontotheRontermdiscussedabove. Thus,

fordiamondseveralphenomenacanmodifytheresultspresentedinFig.1.4,suchas

[Rouger2015]:

•ThecriticalelectricfieldEcritintroducedinTab.1.1isnotvalid. Theionization

integralmustbecalculatedforagivenelectricfieldprofile,accordingtoreliable

impactionizationcoefficients[Hiraiwa2015].

•Asalreadymentioned,thedopantarenotfullyionizedin WBGsemiconductors

(especiallyindiamond),resultingfromthelargeionizationenergies. Thus,the

roomtemperaturespecificon-resistanceRonSisgreaterthantheonepredictedby

Eq.1.9.

•Thedopinglevelstronglyinfluencesthemobilityinadevice.Theconductionmech-

anism,suchashoppingconductioninn+-typeandp+-typediamond[Oyama2009,

Hosoda2013]canbeexploitedtoimprovethedeviceproperties.

•Thepunchthroughfactorusedtocalculatetheoptimumdriftlayerproperties

inthepunchthroughdesignmustbecalculated,dependingonthedevicetype

(unipolarorbipolar),takingintoaccountthecarrierlifetimeinthecaseofbipolar

device.

•AsitisthecaseforlowvoltageSidevices(<100V),theon-resistanceisnotonly

duetothedriftlayerresistance.Thecontactresistance,thechannelresistanceand

then+-typelayerresistancemighthaveanon-negligiblecontributiontothetotal

resistanceofthedevice.
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Toemphasizeonthislastitem,onemustconsidertheplanarMOSFETofFig.1.7.Usu-

ally,thetotalresistanceRtotalofaSihighvoltagepowerdevicecanbeapproximated

toRdrift,sincetheothertermscanbeneglected.Inthecaseofaninversionmodedia-

mondMOSFET,itisnotstraightforwardthattheothercontributionscanbeneglected.

Specifically,thecontactresistanceonan+-typediamondlayermightnotbenegligible

ascomparedtothedriftlayerresistance.Also,thechannelresistanceRchannelmustbe

considered,specificallyintermsofminoritycarriermobilityintheinversionlayer.Ifthe

inversionlayermobilityislow,asitisthecaseforSiC MOSFETstructures(only15

cm2.V−1.s−1[Howell2008]),thechannelresistancecanbecomedominant.

Finally,acomparisonintermsoflossesinaverticalunipolarpowerdevicecanbemade.

Thetotallossesaremainlycomposedofconductionlosses(on-statelosses)andswitching

losses.Fig.1.8representsthetotallossesPtot,whichisthesumoftheconductionlosses

PcondandtheswitchinglossesPcom,asafunctionofthedevicearea[Rouger2015].

Specifically,thecurveiscalculatedfora1200V/10Adevicewithaworkingfrequencyof

35kHzandadutycycleofα=0.5.Asrepresented,theconductionlossesareproportional

totheinverseareaA−1ofthedevicewhereastheswitchinglossesdependlinearlyonthe

areaA[Kolar2012].Theformertermismainlyduetothespecificon-resistanceRonS

ofthedevice. Thelatercontribution,whichissimplifiedhere,isrelatedtothecharge

perunitareaortothecapacitanceperunitareaandstronglydependsonhowfastthese

chargesarecommutedeitherattheinputorattheoutputofthedevice.

Fig.1.8allowstoidentifytheoptimumworkingpoint,whichisgivenbytheintersection

ofthePcondwiththePcomcurves.Here,theoptimumischosenforanareaof1cm
2and

adevicewith99%yieldandaresultingtotalsemiconductorlossesrepresenting1%of

thetotalpowerconverterinputpowerattheratednominalpower.Thus,dependingon

thedesireddesign,theconsequenceoftheuseof WBGsemiconductorsisareductionof

thelossestogetherwiththedeviceareaascomparedtoSi,asexhibitedinFig.1.9.a).

Evenwiththissimpleapproachandamorerealisticspecificon-resistanceRonS
9(see

Fig.1.9.a))theadvantageof WBGsemiconductorsoverSiisstriking.Also,asimplified

modelforthecalculationoftheswitchinglosseswasusedandFig.1.9.b)givesaninsight

oftheadvantageofusingdiamondforincreasingtheswitchingfrequencyofapower

converter. However,togetherwiththereductionofthesemiconductorarea,theloss

9Here,eveniftheRonSisdegradedbyafactor100or500,forSiC,GaNanddiamondrespectively,
ascomparedtothecalculatedidealvalue,onecanseetheadvantageof WBGsemiconductorsoverSi.
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Figure1.8:Powerlossesasafunctionofthesemiconductorarea,foraunipolar
devicewithspecifications1200V/10A−35kHz−α=0.5.ThetotallossesPtot
isthesumoftheconductionlossesPcond(∝1/A)andthecommutationlossesPcom

(∝A)[Kolar2012,Rouger2015].

densityandthecurrentdensitywillincrease. Thus,particularattentionmustbepaid

whendesigning WBGpowerdevices.

Asdiscussedabove,thereisanumberofexcitingchallengestotacklefordeveloping

nextgenerationdiamondpowerdevices.Severalarchitectureswerethusenvisionedfor

developinghighperformancediamondbaseddevicesasdiscussedinthenextsection.

1.4 Stateoftheartofdiamonddevices

Constanteffortinimprovinganddevelopingdiamonddeviceprocessingledtotheemer-

genceofanumberofdevicessuchasSchottkydiodes,p-ndiodesorp-i-ndiodes.Here,

focusismadeonfieldeffectdevices.

Severalauthorsreportedtheoperationofdiamondmetal-semiconductorfieldeffecttran-

sistor(MESFET)usinghydrogen-terminateddiamond(H-diamond)tocontrolthe2D

holegasatthediamondsurface[Kawarada1994,Ueda2006,Ueda2010,Russell2012].

Thesedeviceswereaimedtotargethighfrequencyapplications,butthermalstabil-

ityunderhightemperatureconditionswasnotreached. Recently, Umezawaetal.
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Figure1.9:Exampleofsemiconductorareaoptimizationinthecaseofavertical
unipolarpowerdevicewith1200V/10A−35kHz−α=0.5.Acomparisonis
madebetweenSi,SiC,GaNanddiamond.a)AreductionintheRonSresultsina
reducedsemiconductorareaandanimprovementofthepowerlossesinthepower
device.b)Eventhoughanincreaseoftheswitchingfrequency(fWBG =100×fSi)
doesnotresultinasignificantreductionofthepowerlosses,thesemiconductorarea

isreduced[Rouger2015].
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[Umezawa2014]reportedthestableoperationofdiamondMESFETfabricatedonoxygen-

terminateddiamond.ThedeviceexhibitedclearFEToperationupto300◦C.However,

thehighsourceanddrainresistancestogetherwiththehighspecificon-resistanceof1.4

kΩ.cmlimitedthedeviceoperation,i.e.thecurrentdensityinon-state. Moreoverthe

normally-onbehaviormightnotbesuitableforpracticalapplicationssincenormally-off

operationareusuallypreferred.Normally-offdevicescouldbefabricatedbyusingthin

p-typediamondlayer,resultinginfullydepletedlayer.

TheJFETarchitecturethatallowstoobtaineithernormally-onornormally-offdevice

operation,wasreportedbyIwasakietal.[Iwasaki2012,Iwasaki2013]andHatanoet

al.[Hatano2015]. Then+-typesidegatesenablethedepletionofthep-typechannel

resultinginthedraincurrentmodulationbythegatevoltage. Thenormally-onand

normally-offbehaviorsarecontrolledbythechannelwidth. Thisuniquearchitecture

ledtoverylowon-resistanceoftheorderof52mΩ.cm2andhighcurrentdensity∼1300

A.cm−2measuredat400◦C[Iwasaki2013].Also,highblockingcapabilityofmorethan

600Vatelevatedtemperaturewasreported[Iwasaki2014].Thesedevicesshoweddrain

currentofIDS=1.2mA.mm
−1undergatebiasofVGS=-2Vandat200

◦Ccomparable

totheperformancesreportedforMESFET[Umezawa2014].Thisdevicesarepromising

forapplicationsathighvoltageandhightemperatureanddesignatedforapplicationsto

harshenvironment.

In2012,Katoetal.[Kato2012]reportedthecurrentamplificationatroomtemperature

indiamondbipolarjunctiontransistor(BJT)on(111)orientedsubstratewithamax-

imumamplificationofβ=11.5atVCE =-10V.Thesamegroupalsodemonstrated

theoperationofdiamondBJTon(001)substratewhichallowedthedeterminationof

theholediffusionlengthinthen-typebaselayerof4.2×10−5cm[Kato2013]. Even

thoughtherearestillroomforimprovingthecurrentamplificationofsuchdevicesthese

contributionsaremajorstepstowardshighpowerswitchingapplications.

ThethermalstabilityissuesofdiamondMESFETmentionedabovehavebeencircum-

ventedveryrecentlybytheatomiclayerdepositionofAl2O3atelevatedtemperature

(upto450◦C)tostabilizethehydrogen-terminatedlayer[Hiraiwa2012].Theresulting

structureisanormally-ondepletionmodemetal-oxide-semiconductorfieldeffecttran-

sistor(MOSFET)basedonthecontrolofthe2Dholegasinthehydrogen-terminated

layer.Thus,highcut-offfrequency(50GHz),hightemperatureoperation(400◦C)and
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highbreakdownvoltage(600V)havebeenachieveddemonstratingthefullpotentialof

diamondforpowerelectronicapplications[Kawarada2012,Kawarada2014].Also,drain

currentdensitiesofmorethan1A.mm−1weredemonstrated[Kawarada2012]. These

outstandingperformancescomefromtheparticularbandalignmentoftheAl2O3/H-

diamondheterostructure,whichisoftypeIIasillustratedinFig.1.10[Liu2012].Such

aconfigurationallowstheconfinementofholesinthe2Dlayerformedbytheelevated

barrierheightattheAl2O3/H-diamondinterface.Thishighbarrierheightpreventsfrom

leakagecurrentsduringdeviceoperationunderaccumulationconditions.Inaimingto

achieveahighdensityofaccumulatedholesseveralhigh-κdielectriclayershavebeen

depositedonH-diamondasreportedin[Liu2013b,Liu2013a,Liu2014a,Liu2014b].

Normally-onandnormally-offoperationcouldberealizeddependingondeviceprocess-

ing[Koide2015].

Figure 1.10: Energy
band configuration of
the Al2O3/H-diamondhet-
erojunctionasdeterminedby
X-ray photoelectron spec-
troscopy[Liu2012]. The
resultingalignmentisoftype

II.

TheMOSFETstructuredescribedaboveisadepletionmodeMOSFETwhichoff-state

beingobtainedbydepletingthe2Dholegasunderneaththegateelectrode. Another

approachconsistsinusingtheinversionmodeMOSFET,whichisbasedonthecontrol

ofthebandbendingattheoxide/semiconductorinterface,allowingtoreachtheoretically

bothaccumulationandinversionregime.Thedevicecanberealizedinthenormally-off

configurationiftheworkfunctiondifferencebetweenthegatemetalandsemiconducting

diamondischosenappropriately.Thus,thebandalignmentbetweenthedielectricand

thediamond musthaveabarrierforbothelectronsandholesinordertolimitthe

leakagecurrentinthedifferentoperatingregimes. Thisispossiblebyusingoxygen-

terminateddiamond(O-diamond),andifarigidmodelusingelectronaffinitiesisused
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thebanddiagramofFig.1.11isobtaineddemonstratingthepresenceofbarrierforholes

andelectrons.
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Figure1.11: TypeIband
diagramconfigurationofthe
Al2O3/O-diamond hetero-
junctiondeducedfromthe
electronaffinitymethod.

Moreover,thepropertiesofthegatecontact,themetal-oxide-semiconductorcapacitor

(MOSCAP)specificallytheinterfacestatesdensityattheinterfacebetweenthediamond

andthedielectriclayerandthepresenceofoxidechargesinthedielectriclayerstrongly

impacttheelectricalbehaviorofthedevices.

InordertobrieflysummarizethecurrentknowledgeonAl2O3/O-diamond MOSCAP,

resultsfromG.ChicotPhDdissertationarepresented[Chicot2013a]. Fig.1.12shows

theplanarMOSCAPstructure.TheohmiccontactismadeofTi/Pt/AuandtheMOS

stackisAl/Al2O3depositedonoxygenterminatedborondopeddiamond.The20nmthin

Al2O3layerwasdepositedbyatomiclayerdeposition(ALD).Detailsonthefabrication

processcanbefoundin[Chicot2013b].

AsshowninFig.1.13,thediamondMOSstructurecanbeoperatedunderdepletionand

deepdepletionregime(evidencedbythe1/C2(V)graphofFig.1.13.b))forincreasing

100µm 
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MOS  
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Figure1.12:a)Al/Al2O3/O-
diamond MOS schematic
view and corresponding
SEMimageandb)cross
sectionshowingthestack

[Chicot2013b].
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Figure1.13:a)C(V)characteristicoftheAl/Al2O3/O-diamondMOSCAPforvari-
ousfrequencies.b)1/C2(V)plotshowingconstantslopefordeepdepletionregime
[Chicot2013a]. Measurementswereperformedat300K.The20nmthinAl2O3
layerwasdepositedat100◦CbyALD.Thegatecontactdiameteris200µm.

Figure1.14:a)HysteresisbehavioroftheC(V)characteristicat100kHzwhen
biasingthestructurefromaccumulationtodeepdepletionandfromdeepdepletion
toaccumulation.b)Current-voltageI(V)characteristicofthedeviceshowingleakage
currents[Chicot2013a].The20nmthinAl2O3layerwasdepositedat100

◦Cby
ALD.

gatebiasvoltages. Moreover,theaccumulationcapacitancedoesnotdependontheac

signalfrequency,butthestretchoutoftheC(V)characteristicispronouncedandvaries

from1kHzto1000kHz.Atthesametime,theexpectedaccumulationcapacitancewas

notreached.Specifically,themeasuredaccumulationcapacitancewas10timessmaller

thantheexpectedvalue. Theoriginofthisdiscrepancyhadnotbeenidentified,but
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willbeinvestigatedinthepresentworkusingimpedancespectroscopycharacterization

methods. Hysteresisbehaviorwasobservedonthisdevice,asexhibitedinFig.1.14.a).

Thisbehavioroccurswhenmobilechargesarepresentintheoxidelayer.Thus,theI(V)

propertiesofthedevicemightbeinfluencedbythepresenceofmobileions.Thecurrent

densityversusgatebiasvoltageisplottedinFig.1.14.b).Intheaccumulationregime,

thecurrentcanbeashighas10−2A.cm−2at-10V,whereas,whendeepdepletion

takesplace,thecurrentisoftheorderof7.10−7A.cm−2at10V.Thesecurrentscould

beexplainedbythelowtheoreticalvaluesexpectedfortheelectronsandholesbarrier

heightsattheAl2O3/O-diamondinterface[Chicot2013b].

Thus,inordertohaveabetterunderstandingoftheAl2O3/O-diamond MOSCAP,a

detailedanalysiswasperformedduringthisthesisontheAl2O3/O-diamondheterojunc-

tioncharacterizingboththeinterfacialbandconfigurationandtheelectricalproperties

ofdiamondMOSCAP.

Also,afirstattemptinfabricatingandcharacterizingadiamond MOSFEThasbeen

realizedduringafour monthstayattheNationalInstituteforAdvancedIndustrial

ScienceandTechnology(AIST)inTsukuba,Japan. Thedevicedidnotshowideal

electricalbehavioranditsdesigncouldnotbeanticipatedbynumericalsimulations.This

isaconsequenceofthelackofsimulationtoolsavailablefordiamonddevicesimulation.

Thus,inordertopredicttheelectricalbehavioroffuturedevicestakingintoaccount

thespecificpropertiesofdiamond,thedevelopmentofsimulationtoolsishighlyneeded.

Thisistheaimofthesecondpartofthepresentwork.

1.5 Ontheneedforreliablesimulationtools

Theneedforanticipatingtheperformancesandarchitectureoffuturediamonddevices

isstronglymotivatedbythegreatnumberofexperimentaldevices,whichhavebeen

reportedduringthelastdecade.Simulationtoolstakingintoaccountthespecificprop-

ertiesofdiamondmustbedeveloped. Effortswereinitiatedbyseveralcontributions

mainlyfocusingondiamondSchottkydiodesimulations[Rashid2006,Rashid2008,

Brezeanu2008,Ding2010].Sincediamondisanovelmaterialfordevicesimulations,the

materialsparametershavebeenspecifiedtoaccuratelyreproducetheexperiments.The
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mostimportantissuesaddressedweretheincompleteionizationofdopants,thetemper-

atureanddopingconcentrationdependentmobilitymodelandimpactionizationcoeffi-

cienttomodelbreakdownbehaviors.ThusdiamondSchottkydiodeselectricalcharacter-

isticswerereproducedwithrelativelygoodcorrelations.Ontheotherhand,Thionetal.

proposedthedesignoffieldplateterminationondiamondSchottkydiode[Thion2011].

Thiscontributiondemonstratesthepossibilitytodevelopsimulationtoolsforthepurpose

ofdesignoptimizationoffuturediamondpowerdevices.However,uptodatemodelssuch

asthemobilitymodelsofVolpeet.alandPernotet.al[Volpe2009,Pernot2010],the

impactionizationcoefficientsofHiraiwaet.al[Hiraiwa2013,Hiraiwa2015]orhopping

mobilitymodels[Hosoda2013]arestronglyrequiredtoperformreliablesimulations.

Also,thereisalackofreportonthesimulationofdiamondbipolardevices.Thiscould

beattributedtothelackofparametersregardingrecombination-generationmodelsfor

example.Thus,inordertopredictthebehavioroffuturediamondMOSFETthesim-

ulationofadiamondp-njunctionwasperformedduringthisthesis.Thenextstephas

beentomodelthe MOSFETcharacterizedinJapan. Theresultswillbepresentedin

chapter3.

1.6 Conclusion

WidebandgapsemiconductorssuchasSiCandGaNarethenextgenerationmaterials

fornearfutureapplicationsinpowerelectronics.Inalongtermapproach,Diamond,

accordingtoitsoutstandingpropertiesisenvisionedforhighpower,hightemperature

andhighblockingvoltageapplications.Diamondisexpectedtobethekeysemiconductor

todevelopgreenertechnologies. However,therearesignificantchallengestoconsider,

includingmaterialscience,substratecostandsize,deviceprocessingandpackagingand

thedevelopmentofsimulationtoolstoanticipatethearchitectureoffuturedevices.Still,

diamondresearchfieldisprogressingveryfastandtheresultsareverypromising.

Aimingtoaddresssomeoftheabovementionedchallenges,theobjectivesofthisthesis

are:

•todevelopasimulationtoolthattakesintoaccountthespecificpropertiesofdi-

amond,inparticularthehoppingconductionmechanism,thepartialionizationof

dopants...,



Chapter1.Diamond:thefutureofpowerelectronics 28

•todesignaMOSFETbasedonthesimulationmodeldeveloped,

•tofabricateaMOSCAPaccordingtotheabovementioneddesign,

•todescribeaccuratelytheelectricpropertiesoftheMOSCAPinordertopavethe

waytowardtheinversionregimeMOSFET.
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2.1 Introduction

Thedevelopmentofnextgenerationdiamondmetal-oxide-semiconductorfieldeffecttran-

sistor(MOSFET)mustfulfillseveralrequirementsinordertoreachthemateriallimits.

Amongthem,beingabletoanticipatethearchitectureandelectricalpropertiesofthede-

viceswillstimulatethedevelopmentandstudyofnewdiamondbasedpowerdevices.In

thisperspective,somestudiesreporttheimplementationoftheuniquephysicalproper-

tiesofdiamondintofiniteelementbasedsoftware,toreproducethebehaviorofSchottky

barrierdiode(SBD)[Rashid2006,Rashid2008,Ding2010].Inparticular,theincom-

pleteionizationofdopants,thedependenceondopingandtemperatureofthecarrier

transportwereimplemented. Withtheapproachofpredictingdiamonddeviceselectri-

calproperties,Thionetal.[Thion2011]studiedtheeffectoffieldplateterminationsof

p-typediamondSBD.Thus,itisstraightforwardtoenvisiontheadvantageofsuchan

approach:theinfluenceofahighnumberofparameters(fieldplatethickness,material,

activelayerdopingconcentrationandthickness)canbestudiedpriortotheactualdevice

realization.Then,thebestmaterialcombinationcanbechosenforprocessingthemost

suitabledevice,whiletargetingspecificperformances.However,uptonow,thisapproach

onlyconsideredp-typediamond,themainreasoncomingfromthefactthatthecarrier

lifetimesandgeneration-recombination(G-R)modelsareunknownforn-typediamond

andthusfordiamondbipolardevices.Inthiswork,thediamondphysicalparameters

wereimplementedintoafiniteelementbasedsoftware(TCADSilvaco)inordertorepro-

ducetheelectricalpropertiesofap-njunction,intheviewofvalidatingtheimplemented

diamondmodels.Thelongtermtargetofourapproachistomodelthepropertiesoffu-

turediamondMOSFETtoextracttrendsanddesignguidelines.Togetherwiththestudy

ofp-njunctionsbyuseofTCADtools,oneneedstoconsidertheotherbuildingblock

ofthedevice,the metal-oxide-semiconductorcapacitor(MOSCAP).Itsexperimental

realizationwasstudiedinpreviousworkofChicotetal.[Chicot2013b],wheretheelec-

tricalpropertiesof MOSCAPsfabricatedonoxygen-terminatedborondopeddiamond

(O-diamond)usingatomiclayerdepositionofAl2O3at100
◦Cwereinvestigated.Thus,

thischapterismotivatedbytheneedformodellingthebehaviorofdiamondbipolar

devicestogetherwiththeexperimentaldevelopmentoftheMOSFETgatecontact.

Inthefirstpartofthischapter,thespecificdiamondpropertiesimplementedintoTCAD

Silvacowillbegiven.Inparticular,thetemperaturedependentbandgapandintrinsic
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carrierconcentrationwillbediscussed. Particularattentionwillbepaidonthehigh

activationenergiesofdopantsindiamondleadingtotheincompleteionizationofdopants.

Finally,thetemperatureanddopingconcentrationdependentmobilitymodelwillbe

givenandtheG-Rmodelswillbepresented.Inthesecondpart,thepropertiesofthe

ideal MOSCAPwillbedescribedandtheidentificationofitsworkingregimeswillbe

madebyusingtheQΨgraphconceptdevelopedbyVincent[Vincent2008]. Finally,

thepropertiesoftheAl/Al2O3/O-diamond MOSCAPwillbepresented,introducing

thepresentworkcontributiononAl2O3/O-diamondinterfacialandelectricalproperties

investigation.

2.2 Diamondproperties: Numericalmodels

Inordertotakeintoaccountthespecificpropertiesofdiamond,thetemperaturede-

pendenceofthebandgapaswellastheintrinsiccarrierconcentrationwillbehigh-

lighted.Then,theincompleteionizationofdopants,thecarriermobilitymodelsandthe

generation-recombination(G-R)processeswillbeexposed. Theinfluenceofthetem-

peraturetogetherwiththeinfluenceoftheG-Rprocessesonthesimulatedp-njunction

currentdensitieswillbeshown.

2.2.1 Temperaturedependentbandgapandintrinsiccarrierconcentration

Theelectronicpropertiesofasemiconductormaterialaredeterminedbyitsbandgapas

wellasthestructureofitsconductionandvalencebandinitsvicinity.Diamondhasan

indirectbandgaplocatedbetweenthemaximumofthevalencebandattheΓ-pointand

theconductionbandminimumlocatedalongthesymmetrylinebetweentheΓ-pointand

theX-pointinthebrillouinzone[Chelikowsky1984,Monserrat2014].Thedependence

ofthediamondbandgapwithtemperaturecanbemodeledbyusingthesemi-empirical

Varshniequation[Varshni1967]asfollows[SILVACO2010]:

Eg(T)=Eg(300K)+α
3002

β+300
−α

T2

β+T
(2.1)
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Byfittingtheexperimentaldatareportedin[Clark1964]withEq.2.1,theαandβ

parametersareextractedasshowninTab.2.1.

Symbol Eg(300K) α β

Unit eV eV.K−1 K

5.46 1.01007 3.95198×106

Table2.1:Parametersusedtodescribethebandgaptemperaturedependenceob-
tainedbyfittingthedatareportedin[Clark1964]withEq.2.1.Eg(300K)represents

thediamondbandgapat300K.

Fig.2.1showsthedatatakenfrom[Clark1964](opencircles)togetherwiththesimulated

temperaturedependentbandgapenergy(solidline).Theprocedurewastoimplement

themodelintothefiniteelementsoftwareandextractforeachtemperaturetheband

gapenergyvalue.

Figure2.1:Temperaturedependenceofdiamondbandgapenergy. Opencircles
representthedatatakenfrom[Clark1964]andthesolidlineisobtainedbyusing

Eq.2.1withtheparametersfromTab.2.1

Intheparabolicapproximationframework,theeffectivedensityofstateoftheconduction

bandisgivenby:

NC=
2(2πm∗ekBT)

3/2

h3
·Mc (2.2)
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withkBBoltzmann’sconstant,Tthetemperature,hPlanck’sconstantandMc=6the

numberofequivalentconductionbandminimalocatedalongΓ-X.Theelectrondensity-

of-stateeffectivemassiscalculatedfromtheexperimentalvaluesof[Gheeraert2000]:

m∗e=(m
2
⊥m )

1/3 (2.3)

wherem⊥andm arethetransverseandlongitudinaleffectivemassesrespectively.

Inaddition,thedensityofstateinthevalencebandisgivenby:

Nv=
2(2πm∗hkBT)

3/2

h3
(2.4)

Theholedensity-of-stateeffectivemassm∗hiscalculatedbyassumingthethreevalence

bandstobeparabolic. Considering(100)and(110)crystallographicorientation,the

heavyhole(hh)andlighthole(lh)effectivemassesarecalculatedasfollows[Pernot2010]:

m∗hh = m∗110hh
2
m∗100hh

1/3
(2.5)

m∗lh = m∗110lh
2
m∗100lh

1/3
(2.6)

(2.7)

Finally,thetotaldensity-of-stateeffectivemassforholesiscomputedas1:

m∗h= m
∗3/2
hh +m

∗3/2
lh +m

∗3/2
so

2/3
(2.8)

withm∗sothespin-orbitholeeffectivemass. Tab.2.2summarizestheelectronandhole

effectivemassestakenfrom[Willatzen1994,Gheeraert2001,Naka2013].

RecentworkfromNakaetal.[Naka2013]onthemeasurementoftheeffectivemass

usingcyclotronresonanceofopticallyexcitedcarriersinultrapurediamondareingood

agreementwiththedatatakenfrom[Gheeraert2000]and[Willatzen1994].

1Thespin-orbitsplittingisassumedtobenegligible.
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Electrons Holes

Ref. m⊥ m m∗110hh m∗100hh m∗110lh m∗100lh m∗so
[Willatzen1994] 0.341 1.5 0.690 0.427 0.276 0.366 0.394

[Gheeraert2001] 0.306 1.81 - - - - -

[Naka2013] 0.280 1.56 0.70 0.54 0.255 0.288 0.375

Table 2.2: Electrons and holes effective masses after[Willatzen1994],
[Gheeraert2001]and[Naka2013]respectively,inunitofm0.

Duetothewidebandgapofdiamond,theintrinsiccarrierconcentrationniisextremely

smallascomparedtoothersemiconductormaterials. UsingEq.2.2andEq.2.4,nican

becalculatedasfollows:

ni= NcNvexp
−Eg
2kBT

(2.9)

Fig.2.2showsthetemperaturedependenceoftheintrinsiccarrierconcentrationfordi-

amond,4H-SiC,GaNandSi. At300K,niisabout19ordersofmagnitudesmaller

indiamondthanin4H-SiC.Atlowtemperature,itcanbeinterpretedasbeingthe

probabilityofexcitinganelectronfromthetopofthevalencebandtothebottomof

theconductionband.Atelevatedtemperature,niisstilllowascomparedtothemain

WBGsemiconductors.Since, niisinvolvedinthegeneration-recombinationprocesses

(seesection2.2.4),itisalsoakeyparameterfordevicesimulation.

Atelevatedtemperature, WBGmaterialswillhavesuperiorelectricalpropertiesascom-

paredtoSi.Ontheotherhand,diamondsuffersfromhighactivationenergiesofdopants

whichwillbecomparedtotheabovementionedsemiconductorsinthenextsection.

2.2.2 Incompleteionizationofdopants

Thetemperaturedependenceofthefreecarrierconcentrationisdescribedbythecharge

balanceequation.Inordertopreservetheelectricalneutrality[Sze2007],thetotal

numberofpositivecharges(donoratomsandholes)mustbeequaltothetotaldensity

ofnegativecharges(acceptoratomsandelectrons)inthematerial.Thetotaldensityof

donorsND isgivenas:

ND=N
0
D+N

+
D (2.10)
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Figure2.2:Temperaturedependenceoftheintrinsiccarrierconcentrationindia-
mond,4H-SiC,GaNandSitakingintoaccountthetemperaturedependenceofthe
bandgapenergy.At300Ktheintrinsicconcentrationsare2×10−27cm−3,3×10−8

cm−3and3×10−10cm−3fordiamond,4H-SiCandGaNrespectively,whereasin
thecaseofSini=1×10

10cm−3.

whereN0D isthedensityofneutraldonorsandN
+
D isthedensityofionizeddonors.

Similarly,foracceptors,thetotalnumberNAisgivenby:

NA=N
0
A+N

−
A (2.11)

withN0AisthedensityofneutralacceptorsandN
−
A isthedensityofionizedacceptors.

Thus,theneutralityequationreads:

p+N+D =n+N
−
A (2.12)

pbeingtheholeconcentrationinthevalencebandsandntheelectronconcentration

intheconductionbands.Inthecaseofap-typematerialp≫ ni≫ n,andassuming

N+D =ND,theneutralityequationcanbewrittenasfollows:

p+ND=N
−
A (2.13)
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ConsideringtheoccupationprobabilityofNAlevelswithenergyEA,theneutralacceptor

concentrationis:

N0A=
EC

EV

NAδ(E−EA)fF(E)dE=NAfF(EA) (2.14)

withfF(EA)theFermi-Diracdistributionfonctionforlocalizedstates,suchas:

fF(EA)=
1

1+gA·exp
EA−EF
kBT

(2.15)

wheregA=4isthedegeneracyfactorforholes[Look1989,Sze2007].RewritingEq.2.11

gives:

N−A =NA(1−fF(EA)) (2.16)

Thus,theionizedacceptorconcentrationN−A isreplacedinEq.2.12:

p+ND =
NA
1+pφa

(2.17)

φa = gh·NVexp −
Ea
kBT

(2.18)

whereEa=EA−EV istheacceptorthermalactivationenergyandgh=1/gA. By

solvingEq.2.17,thefreeholeconcentrationis:

p=
1

2
(φa+ND) 1+

4φa(NA−ND)

(φa+ND)2
−1 (2.19)

Similarly,thefreeelectronconcentration,inann-typematerial,isgivenby:

n+Na =
Nd
1+nφd

(2.20)

φd = ge·Ncexp −
Ed
kT

(2.21)

n =
1

2
(φd+NA) 1+

4φd(ND−NA)

(φd+NA)2
−1 (2.22)
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withge=2thedegeneracyfactorforelectrons[Look1989,Sze2007]andEd=EC−ED

thedonorthermalactivationenergy.

Thefreecarrierconcentrationsarestronglyinfluencedbythedopantsactivationen-

ergy.Inparticular,themaindopantsindiamond,respectivelyboron,phosphorusand

nitrogenexhibitactivationenergiesof0.38eV,0.57eVand1.7eVrespectively.Fig.2.3

n-type 
diamond 

p-type 
diamond 

P 

N 

B 

1.7 eV 

0.57 eV 

0.38 eV 

5.5 eV 

CB 

VB 

Figure2.3:Activationenergyofdopantsasafunctionoftheimpurityconcentra-
tionindiamond. Theexperimentalboronactivationenergiesaretakenfromthe
literature[Okano1989,Fujimori1990,Visser1992,Windheim1993,Borst1995,
Deguchi1996,Lagrange1999,Klein2007,Gajewski2009,Volpe2009]andthesolid
curveisdrawnafterPearsonandBardeenlaw[Pearson1949].Phosphorusactiva-
tionenergiesaretakenfromtheliterature[Koizumi1997,Kato2005,Kato2007,
Pinault2007,Kato2008,Pinault-Thaury2011,Stenger2013].Itsvalueisassumed

tobeconstantovertheentiredopingrange.

representstheactivationenergyforboronandphosphorusasafunctionoftheimpu-

rityconcentration. Asitcanbeseen,theboronactivationenergyisdecreasingwhen

increasingtheimpurityconcentration(boronconcentration).Thephysicsleadingtothe

reductionoftheionizationenergyisquitecomplex,thusanempiricallawhasbeenused,

followingPearsonandBardeenmodel[Pearson1949]. Parametershavebeenadjusted

forboronacceptorinordertoget0.38eVionizationenergyatlowdopantconcentration

[Lagrange1998]andzeroattheinsulator-metaltransitionof4.5×1020cm−3[Klein2007]:

Ea(eV) = 0.38−4.7877×10−8×N
1
3
A (2.23)
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whereEa(eV)isthethermalactivationenergyoftheboronacceptorineVandNAisthe

boronconcentrationincm−3.Inthecaseofphosphorusdonor,aconstantvalueofEd

=0.57eVfortheactivationenergyhasbeenassumed[Koizumi2000,Gheeraert2000]

sincereportsindicatenomeasurablereductionupto1019cm−3,andhoppingconduction

above. However,arecentreport[Stenger2013]indicatesadecreaseoftheactivation

energyofphosphorusinthepresenceofhighconcentrationofcompensatingimpurities.

Inthepresentwork,weonlyconsideredlowcompensatedn-typediamond,thusthe

ionizationenergyofphosphoruswasassumedtobeEd=0.57eV.

Figure2.4:Carrierconcentrationasafunctionof1000/Tforn-typediamond,p-
typediamond,n-type4H-SiCandn-typeGaN.Thecompensationwassetto10%.
Theenergybandgaptemperaturedependencewastakenintoaccountbothfor
diamond(seeEq.2.1)and4H-SiC,E4H−SiCg (eV)=3.265−3.3×10−2T2/(105+T),

EGaNg (eV)=3.47−7.7×10−4T2/(600+T).

Fig.2.4showsthefreecarrierconcentrationasafunctionof1000/Tforp-typediamond,n-

typediamond,n-type4H-SiCandn-typeGaN.Incontrastwith4H-SiCorGaN,diamond

exhibitsaverylowionizationratio(p/(NA-ND))of3%atroomtemperatureforadoping

concentrationof1×1017cm−3(obviouslylowervalueswillbeachievedwhentakinginto

accountthecompensation,hereavalueof1016cm−3wasadoptedforbothn-typeand

p-typesemiconductors).
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Recentresultsonthemeasurementofexcitonicrecombinationsinarsenicimplanteddia-

mondconcludedthatarsenicwassuccessfullyincorporatedinsubstitutionalsite[Barjon2014].

Byperformingcathodoluminescencemeasurementsintheultra-violetrangeonarsenic

implantedCVDdiamondsamples,theauthorswereabletoextractanarsenicioniza-

tionenergyof0.41eV.Thisvalueisinteresting,asthedopantenergyleveliscloserto

theconductionbandenergythaninthecaseofphosphorus.However,furtherelectrical

measurementsmustbedonetoconfirmthen-typeconductivity.Inparticular,inorder

toachievehighreliabilityofarsenicincorporation,thedopinglevelcouldbecontrolled

duringtheCVDgrowthprocess. Moreover,Hallmeasurementsmustbeperformedto

confirmtheelectricalactivityofarsenicasadonor.

Theselargeactivationenergiesofdopantsindiamond(seeFig.2.5),leadtoincomplete

dopantionizationatroomtemperature. Thisisthemainreasonwhyregulardevices

suchasjunctionfieldeffecttransistor(FET)haveelevatedseriesresistanceatroom

temperature,andspecificarchitectureshavebeendevelopedsuchasdelta-dopedFET

[El-Hajj2008,Chicot2012]orhydrogen-terminatedFET[Kawarada2012,Liu2014c].

Itisalsoofgreatimportancefordevicesimulationsincethecarrierdensitiesatroom

temperaturewillbeextremelylow,leadingtonumericalconvergenceproblems.
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Si 4H-SiC GaN Diamond 

0 

500 

meV 

B 
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Al Mg 

Ionization ratios at 300 K 

1/1 1/1 1/1 1/106 1/1 1/102 1/102 1/103 

Figure2.5:SchematicdiagramillustratingthedopantionizationenergiesforSi,4H-
SiC,GaNandDiamond,forbothn-type(donors)andp-type(acceptors)dopants.

Alsoindicatedaretheionizationratiosineachcase.
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2.2.3 Empiricalmobilitymodel

Akeyparameterconcerningdiamondelectronicdeviceperformancesistheelectronand

holemobility.TheempiricalmodelusedtofittheexperimentalHalleffectmeasurements

reportedin[Volpe2009,Pernot2008](seeEq.2.24to2.26)hasbeenimplementedinto

Silvacofiniteelementbasedsoftwareviaabuilt-inClanguageinterpreter,inorderto

takeintoaccountthedopingandtemperaturedependenceofthemobility.Thismethod

hasbeenadopted,insteadoftheproposed Masettimodel[Masetti1983],inorderto

implementinasecondtimethehoppingmechanism,presentedinsection3.3.2.5. The

parametervaluesaresummarizedinTable2.3.

µ(T,Nimp) = µ(300,Nimp)×
T

300

−β(Nimp)

(2.24)

β(Nimp) = βmin+
βmax−βmin

1+
Nimp
Nβ

γβ (2.25)

µ(300,Nimp) = µmin+
µmax−µmin

1+
Nimp
Nµ

γµ (2.26)

Symbol βmin βmax Nβ γβ µmin µmax Nµ γµ

Unit cm−3 cm2.V−1.s−1 cm2.V−1.s−1 cm−3

Hole 0 3.11 4.1×1018 0.617 0 2016 3.25×1017 0.73
Electron 0 2.17 3.75×1017 0.585 0 1030 9.9×1016 0.564

Table2.3:EmpiricalmobilitymodelparametersimplementedinSilvacofiniteele-
mentbasedsoftwareafter[Volpe2009,Pernot2008].

whereNimp=(NA+ND)representsthetotalnumberofdopants. Thisempiricalmo-

bilitymodelshowsgoodagreementwiththeexperimentsoverawiderangeofdoping

concentration,fromNA 1014cm−3,wherethemobilityisequalto2016cm2.V−1.s−1,

toNA=10
21cm−3wherethemobilityfallsdowntounityinthecaseofborondoped

diamond. Concerningthephosphorusdonor,themobilityismaximum(µmax =1030

cm2.V−1.s−1)forND =10
14cm−3,andclosetounitywhenND =10

20cm−3.Fig.2.6

showsthemobilitycalculatedwithinthemodeldescribedabove,calculatedat300Kand

500K.

Thus,thetemperatureanddopingdependenceofthemobilityistakenintoaccount.As

thecarrierdynamicsdoesnotonlydependontheconcentrationandmobility,oneneeds

toconsiderthegeneration-recombinationmodelsdescribedinthenextsection.
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Figure2.6:Theoreticala)holeandb)electronmobilitycalculatedat300Kand500
Kusingtheempiricalmodelfrom[Volpe2009,Pernot2008].

2.2.4 Shockley-Read-HallandAugerrecombinationmodels

Thecarrierdynamicsanddistributioninap-njunctionisstronglyinfluencedbyre-

combinationprocesses.Inbipolardevices,anelectron-holepairhasdifferentwaysto

recombine.Afirstwayistorecombinethroughatrapwhichenergyliesintheforbidden

gap[Shockley1952]. ThisprocessisdescribedbyShockley-Read-Hall(SRH)statistics

anddependsontheinjectedcarrierlifetimes.Eq.2.27describestherecombinationrate

ofthisprocess,Rsrhincm
−3.s−1asfollows:

(G−R)srh=
pn−n2i

τpn+niexp
Et
kT +τn p+niexp−

Et
kT

(2.27)

5.5 eV 

CB 

Et 

withτp(n)beingthehole(electron)lifetime,Ettheenergy

differencebetweenthetrapenergyandtheintrinsicFermi

levelenergy.Duringthesimulations,thevalueofEt=0eV
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hasbeensetandcorrespondstothemostefficientrecombi-

nationcenter,locatednearthemiddleoftheforbiddenband

gap.

ThesecondrecombinationprocessconsideredwastheAuger

recombinationprocessoccurringathighdopingconcentra-

tion. Thisprocessoccursthroughanon-radiativerecom-

binationprocessinwhichanelectron-holepairrecombines

andgivesitsenergytoathirdparticle.TheAugerrecom-

binationrateisproportionaltotheproductoftheconcen-

trationsoftherespectivereactionpartnersasdescribedby

thefollowingequation:

(G−R)Auger=Γpn(pn−n
2
i)+Γnp(np−n

2
i) (2.28)

withΓp(n)beingthehole(electron)recombinationcoeffi-

cientincm6.s−1.Fig.2.7illustratesthesetwoG-Rprocesses.

Thesecoefficientshavebeenstudiedforsiliconbaseddevices

anddonotshowtemperaturedependence[Dziewior1977].

SRHandAugerG-Rmodelshavebeenwidelystudiedforsiliconbaseddevices. How-

ever,amajordifficultyfordiamondbasedsimulationtoolsreliesinthefactthatthese

coefficientsremainunknownfordiamondandthattheyaredependentonthefabrication

process. Eventhough,theirinfluencesonthecarrierdensitiesandonthesimulated

J(V)characteristicshavebeenstudiedintheviewofreproducingexperimentalelectrical

characteristics,whichwillbediscussedinsection3.3.

2.2.5 Summary

Inthisfirstpart,themaindiamondelectricalpropertiesimplementedinthefiniteele-

mentbasedsoftwarewerepresented.Specifically,thetemperaturedependentbandgap,

theincompleteionizationofdopants,thetemperatureanddopingdependentmobility

andthegeneration-recombinationmodelshavebeenpresented. Mostofthedifficulties

encounteredindiamondsimulationsrelyonthefactsthati)theintrinsiccarriercon-

centrationisextremelysmallindiamondandthatii)theG-Rparametersareunknown.
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Thus,particularattentionsmustbepaidinordertoavoidconvergenceproblemsand

studyingtheinfluenceoftheG-Rparametersisrequiredforreliablediamonddevice

simulations.Thesemodelswereusedtosimulateadiamondp-njunctionaimingtore-

produceexperimentaldata[Makino2008,Koizumi2013].Theresultswillbepresented

inchapter3.Ontheotherhand,thesimulationofthediamondMOSFET(seesection

3.4),basedontheexperimentperformedatAIST(seesection4.6),consideredthesame

parametersasforthep-njunctionbutonlyconsideredideal MOSgatecontact. The

descriptionoftheworkingprincipleoftheidealMOSCAPisperformedinthenextpart

ofthischapter.

2.3 Ideal MOScapacitortheory

Beingoneofthebuildingblocksofthemetal-oxide-semiconductorfieldeffecttransis-

tor(MOSFET),itisoffundamentalimportancetoinvestigatethepropertiesofthe

metal-oxide-semiconductorcapacitor(MOSCAP).Asamatteroffact,theMOSstruc-

tureallowsthecontrolofthebandbendingatthedielectric/semiconductorinterface,

whichpermitsthecontrolofcarrieraccumulation,depletionanddeepdepletionorinver-

sioninthesemiconductor.However,inordertooperatetheMOSCAPinthedifferent

workingregimes,namelyaccumulation,depletionanddeepdepletionorinversion,the

interfacebetweendielectricandsemiconductormustbeofhighenoughquality. This

meansthattheinterfacestatesdensitymustbelowered,otherwisethebandbending

inthesemiconductorattheinterfacewiththedielectriccannotbecontrolledbythe

appliedgatevoltage.InthecaseofdiamondMOSCAP,thisispossiblebyachievingan

appropriatesurfacetreatmentcombinedwithahighqualitydiamondsurfaceandthe

atomiclayerdepositionofAl2O3asthedielectriclayer(Néelpatented,December2011)

[Chicot2013a,Chicot2013b].Inordertogiveanaccuratepictureofthestateofthe

artontheAl/Al2O3/O-diamondMOSCAP,theMOSCAPworkingprinciplewillbede-

scribed.Then,byusingtheQΨconcept[Vincent2008],theelectricalpropertieswillbe

presentedandwillfinallyleadtotheestablishmentoftheMOSCAPcapacitanceversus

voltageC(V)characteristic.
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2.3.1 Metal-Oxide-Semiconductorprincipleofoperation

TheMOSCAPisformedbysandwichingathindielectriclayerbetweenametalelectrode

(thegate)andasemiconductorconnectedtoametalelectrode(theohmiccontact).The

structureisschematicallyrepresentedinFig.2.8inthecaseofap-typesemiconductor.
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Figure2.8:a) Metal-oxide-semiconductorcapacitor(MOSCAP)andb)thecor-
respondingenergybanddiagraminflatbandconditionwithagatevoltagebias
V=0Vforap-typesemiconductor. Theoriginoftheaxisistakenattheox-

ide/semiconductorinterface.

Fig.2.8.b)showstheenergybanddiagramofthe MOSstructure. Thepositionofthe

Fermilevelinthemetalandinthesemiconductorisdrawnaswellasthemetaland

semiconductorworkfunctions,qΦM andqΦSCrespectively.Inthepresentcase,these

twoquantitiesareequal,leadingtothefollowingapproximationconcerningtheflatband

voltageVFB:

VFB=ΦM −ΦSC=0 (2.29)

Furtherhypothesisarerequiredinordertosimplifythestudyofthe MOScapacitor

[Sze2007]:

•Theoxideisconsideredtobeperfect,whichmeansthatthereisnocarriertransport

throughtheinsulatinglayer. Moreover,theelectronandholebarriersarelarge

enoughtopreventinjectionintothedielectriclayer.



Chapter2.DiamondelectricalpropertiesandidealMOSconcepts 45

•Therearenofixednormobilechargesintheoxide. Theonlyexistingcharges

underanybiasingconditionsarelocatedintheclosevicinityoftheoxideinside

thesemiconductorandequalbutoppositeinsigntotheonesaccumulatedatthe

gateelectrode.

•Thedopingconcentrationisconstantinsidethesemiconductorandisp-type,i.e.

holesarethemajoritycarriers. Moreover,thedopantsarefullyionized.

•AsshowninEq.2.29,themetalworkfunctionΦM isequaltothesemiconductor

workfunctionΦSCsuchthattheflatbandvoltageisequaltozero.

Thedescribedstructureisbasedonthetraditionalsilicondioxide/p-typesilicon(SiO2/p-

Si)interface[Nicollian1982].Oneofthemostimportantcharacteristicofthisstructure,

isthepresenceoflargeenergybarriersbetweenthegateelectrode,SiO2andSi. This

comesfromthefactthattheSibandgapisonly1.12eVascomparedtothe9eVof

theSiO2bandgap. Thus,3.1eVwouldberequiredtotakeanelectronfromthegate

electrodeFermilevel(hereAluminum,Φm =4.08eV)totheconductionbandofthe
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Figure2.9:Structureandenergybanddiagramofap-typeMOSCAPina)accumu-
lationregimeforV <0,b)depletionregimeforsmallpositivebiasvoltageV >0
andc)inversionregimeforhighpositivebiasvoltage,withq>0theelementary

charge.
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SiO2and4.7eVwouldbeneededtogetaholefromtheSivalencebandtotheSiO2va-

lenceband(withχSiO2=0.9eVandχSi=4.05eV).Thesetwoenergybarriersprevent

fromanycarrierinjectionintotheoxide,neitherfromthegateelectrodenorfromthe

Si,iftheaforementionedhypothesesarerespected. Thesemiconductorsurfacecharge

layercanbeinfluencedbytheapplicationofagatebiasvoltage.Basically,threeregimes

canbeidentifieddependingonthebiasvoltageconditionsasshowninFig.2.9. First,

fornegativebiasvoltageappliedtothegateelectrode(V <0andV <VFB),negative

chargesatthegateattractholesatthesemiconductorsurfacetocreateanaccumulation

layer.Thisisaconsequenceoftheupwardbandbendinginthesemiconductorattheox-

ide/semiconductorinterface,whichbringsthesemiconductorvalencebandclosertothe

Fermilevel(seeFig.2.9.a)).Then,whenasmallpositivebiasvoltageisapplied(V>0

andV>VFB),thedownwardbandbendingtendstodepletetheaccumulatedmajority

carriersfromtheoxide/semiconductorinterface.Thisresultsintheformationofaspace

chargeregion,characteristicofthedepletionregime.Thus,thepositivechargesaccumu-

latedatthegateelectrodearebalancedbynegativeacceptorionsinsidethedepletion

layer(seeFig.2.9.b)).Finally,whenincreasingthepositivegatebias,theintrinsicFermi

levelEicrossestheFermilevelEF neartheoxide/semiconductorinterface. Theband

bendingisstrongenoughtoconfineminoritycarriers,hereelectrons,ingreatnumber

suchthattheelectronconcentrationcouldbecomegreaterthantheholeconcentration

attheinterface,onathininversionlayer,whichthicknessisrelatedtotheDebyelength,

xinv=
√
2LD,withLD= εskBT/(q2NA).Itisaconsequenceofthermalequilibrium:

asholesarerepelledfromtheinterface,theelectrondensitymustincreasetokeepthe

p×nproductconstant.Thisregimeiscalledtheinversionregime(seeFig.2.9.c)).The

gatevoltageatwhichtheinversionregimeoccursiscalledthethresholdvoltageVtand

givenby:

Vt=2ΨB+

√
2εsqNA2ΨB
Cox

(2.30)

withεsthesemiconductordielectricconstant,qtheelementarycharge,NAthedoping

level,CoxtheoxidecapacitanceandΨBthepotentialdifferencebetweentheFermilevel

EFandtheintrinsicFermilevelEidefinedas:

ΨB=EF−Ei=
kBT

q
ln
NA
ni

(2.31)
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kBbeingBoltzmann’sconstant,Tthetemperatureandnitheintrinsiccarrierconcen-

tration.Inthecaseofincompleteionizationofdopants,ΨBmustbemodifiedasfollows:

ΨB=
kBT

q
ln

p

ni
(2.32)

wherepisthefreeholeconcentrationcalculatedusingEq.2.19.Asanexample,inthecase

ofdiamondwhenusingthecompleteionizationapproximationinsteadoftheincomplete

ionizationofdopantswouldleadtoanoverestimationof7.3%at300K,foranacceptor

concentrationof2×1017cm−3andcompensationof1×1016cm−3.

2.3.2 Identificationof MOSworkingregimesthroughtheQΨgraph

TheMOScapacitorphysicalandelectricalcharacteristicsdependonvariousparameters,

suchasthesemiconductordopinglevelandthickness,theoxidethicknessandpermit-

tivityaswellasthetemperature.Inordertogiveasimpledescriptionoftheimpact

oftheseparametersontheMOScapacitorbehavior,G.Vincentproposedasimpleap-

proachbasedontheuseoftheQΨgraph,whichdescribesthechargeperunitareaQASC

asafunctionofthesemiconductorsurfacepotentialΨs[Vincent2008].Fig.2.10shows

inmoredetailstheenergybanddiagramatthesurfaceofap-typesemiconductorin

contactwithanoxidelayer. ThepotentialΨp(x)isdefinedwithrespecttothebulk

intrinsicFermilevelatadistancexfromtheoxide/semiconductorinterfaceanddefined

byEq.2.33as[Sze2007]:

Ψp(x)=
Ei(x)−Ei(∞)

q
(2.33)

ThesurfacepotentialΨsisthepotentialatthesemiconductorsurfacewherex=0,i.e.

Ψp(0)=Ψs. ThepotentialΨp(x)isrelatedtotheelectronandholeconcentrationby

thePoissonequation:

d2Ψp(x)

dx2
=−
ρ(x)

εs
(2.34)

whereρ(x)isthetotalspacechargedensitydefinedby:
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Figure2.10:Energybanddiagramatthep-typesemiconductorsurface.

ρ(x)=q(N+D−N
−
A+pp−np) (2.35)

withN+D andN
−
A beingtheionizeddonorandacceptordensitiesrespectively. The

electricfieldisobtainedbyintegratingEq.2.34fromthesurfacetothebulk.Then,using

Gauss’slaw,itispossibletowritethetotalchargeperunitareaQASCasafunctionof

thesurfacepotentialΨs[Sze2007,Vincent2008]:

QASC=−sign(Ψs)× 2εsqNA
kBT

q
(e−qΨs/kBT−1)+Ψs+

kBT

q
eq(Ψs−2ΨB)/kBT

1/2

(2.36)

withsign(Ψs)=1whenΨs>0andsign(Ψs)=−1whenΨs<0.Fig.2.11showsthe

totalchargeperunitareaQASCplottedasafunctionofthesurfacepotentialΨs.

FromtheQΨgraph,theidentificationoftheMOSCAPworkingregimeisobvious:

•When Ψs<0,thestructureisinaccumulation,holesareaccumulatedatthe

oxide/semiconductorinterface. Thuseq(Ψs−2ΨB)/2kBT ≪ e−qΨs/2kBT leadingto

QASC≈+ 2εsqNA
kBT
q (e

−qΨs/kBT−1)
1/2
.

•Inthedepletionregime,0<Ψs<2ΨB,e
q(Ψs−2ΨB)/2kBT≪

√
Ψsande

−qΨs/2kBT

≪
√
Ψs,Q

A
SC≈−

√
2εsqNA·

√
Ψs.
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Figure 2.11: Total
chargeperunitarea
QASC inthesemicon-
ductorasafunction
ofthesurfacepotential
Ψsforap-typesemi-
conductorinthecase
ofanidealMOSCAP.

•Whenthesurfacepotentialbecomesgreaterthan 2ΨB,theMOSCAPisininver-

sionregime,whichischaracterizedbye−qΨs/2kBT≪ eq(Ψs−2ΨB)/2kBTand
√
Ψs≪

eq(Ψs−2ΨB)/2kBTandthetotalchargeperunitareawritesas

QASC≈− 2εsqNA
kBT
q e

q(Ψs−2ΨB)/kBT
1/2
.

Therelationshipbetweenthetotalchargeperunitareaasafunctionofthesurfacepo-

tentialisnowestablishedandtheMOSoperatingregimesareeasilyidentifieddepending

onthevalueofthesurfacepotential.However,thesurfacepotentialcannotbedirectly

adjusted.Theonlyadjustablequantityisthegatebiasvoltage.Thesetwoquantities,

namelythesurfacepotentialΨsandthegatevoltageVGcanbelinkedthroughGauss’s

theorem.Fromthisanalysis,itcanbeshownthattheelectricfieldintheoxideiscon-

stantandgivenbyE=−QASC/εox.Then,Q
A
SCcanbelinkedtoVGusingthefollowing

equation:

QASC=
εox
dox
(Ψs−VG) (2.37)

withεoxtheoxiderelativedielectricconstantanddoxtheoxidethickness. The MOS

workingregimeisthusgivenbythex-positionattheintersectionofthecurveofEq.2.11

withthestraightdashedlineofEq.2.37asrepresentedinFig.2.12.
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Figure2.12: Graphicalsolutionofthesemiconductorchargeperunitareaasa
functionofthegatevoltageforanideal MOSstructure. Foragivengatebias
voltageVG,thesurfacepotentialΨsisgivenbytheabscissaattheintersection
betweenthecurveofEq.2.11(bluecurve)withthestraightlineofEq.2.37(dashed

redline).

2.3.3 MOScapacitance-voltagecharacteristics

Inpractice,themeasurementofthedynamiccapacitanceasafunctionofthegatebias

C(VG),isperformedbysuperimposinganalternatingvoltage(acvoltage)totheconstant

gatebiasvoltage.TheamplitudeofthesmallacvoltagemustbechosensuchthatVac≈

2kBT[Nicollian1982]. Fig.2.13showstheprincipleofthecapacitance measurement

togetherwiththe MOScapacitorstructurewithnointerfacetraps,oxidechargesand

flatbandvoltagedifferenceequalstozero.TheoxidecapacitanceCoxisbiasindependent

whereasthesemiconductorcapacitanceCsisbiasdependent.

2.3.3.1 Ideal MOSC(V)characteristics

Havingestablishedtherelationshipbetweenthesemiconductortotalchargeperunit

areaasafunctionofthesurfacepotential,thedifferent MOSoperatingregimesare

easilyidentified. However,inpracticalcases,QASCisnotdirectlyaccessible.Itcanbe

accessedbymeasuringthecapacitanceresponseasafunctionoftheappliedgatebias

voltage.Infact,thedynamiccapacitanceislinkedtoQASCbythefollowingequation:
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Figure2.13:Simpleequiva-
lentcircuitofthe MOSca-
pacitorwiththebiasindepen-
dentoxidecapacitorCoxand
biasdependentsemiconduc-
torcapacitanceCs.

CA=−
∂QASC
∂VG

(2.38)

whereCA standsforthecapacitanceperunitarea. FromthegraphofFig.2.11,the

valueofthecapacitanceinthedifferentregimescanbeevaluatedqualitatively.Inthe

accumulationandinversionregimes,thecapacitancemaximumisreachedwhereasthe

minimumcapacitanceisobtainedinthedepletionregime.Fig.2.14illustratethispoint.

Theredsinusoidsindicatethatwhenanacvoltageisappliedtothegateelectrode,a

smallvariationofQASCisinduced.Thus,itbecomesobviousthatintheaccumulationand

inversionregimethecapacitanceismaximumbecausethechargevariationismaximum.

Moreover,inthedepletionregimethesameacvoltageamplitudeleadstoaverysmall

variationofQASC. Thecapacitancevalueisthenminimumattheendofthedepletion

regime.

ThelinkbetweentheQΨgraphandtheappliedgatebiasvoltageenablestoreconstruct

theC(V)characteristicoftheMOScapacitor.AsshowninFig.2.15,whentheMOSCAP

isnegativelybiased,thecapacitancesaturatestotheoxidecapacitancegivenby:

Cox=
εoxS

dox
(2.39)

whereεoxistheoxiderelativedielectricconstant,Sisthegateelectrodeareaanddoxis

theoxidethickness.Theoxidecapacitanceisbiasindependent,thustheaccumulation

capacitanceisnearlyflat. Whenincreasingthebiasvoltagetowardspositivevalues,a

spacechargeregiondevelopsinthesemiconductorunderneaththegateelectrode.The
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Figure2.14:BehavioroftheequilibriumMOSdifferentialcapacitance.

Figure 2.15: Theoretical
C(V) characteristic of an

idealMOSCAP.

biasdependentsemiconductorcapacitanceCs(V)increasesandthetotalcapacitance

decreasesasfollows:

C(V)=
1

Cox
+

1

Cs(V)

−1

(2.40)

whichcorrespondstotheequivalentseriescapacitancecircuitasindicatedinFig.2.13.

Foralargerappliedbias,threecasescanbedistinguished:lowfrequencyinversion,high

frequencyinversionandhighfrequencydeepdepletion.
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Lowfrequencyinversion

Whenthesmallacsignalfrequencyislowenough,bothmajorityandminoritycarriers

canfollowthechangeinacbandbending.Thusequilibriumismaintained.Byincreas-

ingthegatebiasvoltagelargerthanthethresholdvoltageVt,thegenerationofminority

carriers,eitherfromthermaloropticalgeneration,hereelectrons,overcomesthemajor-

itycarriersconcentration. Then,thecapacitanceincreasesandsaturatesattheoxide

capacitancevalueCox. Thisisexplainedbythefactthattheelectroninversionlayer

screensthedepletionlayerchargefromfurtherincreaseoftheappliedelectricfield.

Highfrequencyinversion

Ifthesmallacsignalfrequencybecomestoohigh,minoritycarrierscannotfollowthe

changeinacbandbending.Infact,thermalandopticalchargegenerationareslow

processes. Thus,chargeexchangewithintheinversionlayermaintainsthecapacitance

nearlyflatinthehighfrequencyinversionregime.

Highfrequencydeepdepletion

Whenhighmeasurementfrequencyiscoupledwitharapidlysweepinggatebiasvoltage,

minoritycarriersarenotgeneratedandthedepletionlayer,spacechargeregion,continues

toextendinthesemiconductorlayer.Thecapacitancedecreasesas
√
VG.Thisregime

isalsousedtoextractboththedopinglevelofthesemiconductorandtheflatbandof

theMOSCAP,inthecaseofaperfectoxide/semiconductorinterfaceinthepresenceof

VFB=0.Thegatebiasvoltagecanbewrittenas:

VG=VFB−
QAsc
Cox
+Ψs (2.41)

wherethesurfacepotentialΨscanbeexpressedas:

Ψs=
−q(NA−ND)εscε0

2C2D
(2.42)

withCD thedepletionlayercapacitance.Thus,usingEq.2.40,andaftersomealgebraic

manipulations,thecapacitancecanbeexpressedas[Muret2014]:
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1

C2t
−
1

C2ox
=

2

q(NA−ND)εscε0
(VG−VFB) (2.43)

whereCtisthetotalmeasuredcapacitanceandCoxistheoxidecapacitancemeasured

intheaccumulationregime. Thus,thedopinglevel(NA−ND)isgivenbytheslope

∂(1/C2t−1/C
2
ox)/∂VG ofthelinearfitofthe(1/C

2
t−1/C

2
ox)plotandtheflatband

voltagevalueVFBisreadatthey-intercept.

Intheaboveanalysis,thedistinctionbetweenhighandlowfrequencyisdirectlylinked

tothetimeconstantfortheinversionlayertobeestablished,i.e.totheminoritycarrier

generationrate[Engström2014].Forinstance,insiliconlowfrequenciesaregenerally

lowerthan100Hz[Mathieu2004].
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2.3.4 Summary

Inthispart,theidealMOSCAPworkingprincipleandfundamentalequationswerepre-

sentedanditselectricalpropertieswereestablishedthroughtheuseoftheQΨgraph

concept.Inparticular,asrepresentedinFig.2.16,thechargeperunitareainthesemi-

conductorvs.surfacepotentialQASC(ΨS)andthecapacitancevs.voltageC(V)iseasily

reconstructed.ThisfiguregivesanideaoftheorderofmagnitudeofΨbandoftheex-

pectedaccumulationcapacitance,whichcorrespondstotheoxidecapacitancecalculated

foranareaofA=1.77×10−4cm2andanrelativedielectricconstantofǫox=9.

Figure2.16:a)ChargeperunitareaQASCasafunctionofthesurfacepotentialΨS
inthediamondMOSCAPcalculatedfromEq.2.36.b)Correspondingcapacitance
vs.voltageidealcharacteristic,withNA=2×10

17cm−3,VFB=-2.5,A=9×10
−4

cm2andǫox=9.

2.4 Conclusions

Theanticipationofthearchitectureandelectricalpropertiesofdiamondbasedelectronic

devices,inparticularMOSFET,requiresthedevelopmentoffiniteelementbasedsimu-

lationtoolswhichtakeintoaccounttheuniquephysicalpropertiesofdiamond. Thus,

thefirstpartofthischapterpresentedthemainparametersimplementedintoTCAD

Silvaco.Inchapter3,theimplementedmodelswillbediscussedthroughthesimulation

ofap-njunction.Theinfluenceoftemperatureonthemainparameterswillbeshown
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anddiscussed.Furthermore,thesimulationofadiamondMOSFET,basedontheim-

plementedparametersvaluesusedduringthep-njunctionsimulations,wasperformed.

Inthisstudy,thegatecontactwasconsideredasideal,i.e.theoxideisperfectinterms

ofinsulatingbehaviorandfreeoffixedcharges.

However,theelectricalpropertiesofa MOSFETareinfluencedbythequalityofits

gateelectrode. Thus,thesecondpartofthischapterdescribedthepropertiesofthe

idealMOSCAP,themostcriticalpartoftheMOSFET.RealMOSCAP,still,canshow

discrepanciesrelatedtothepresenceofinterfacestatesattheoxide/semiconductorin-

terfaceasitisthecaseforourAl2O3/O-diamond MOSCAP.Inordertoinvestigate

theAl2O3/O-diamondstructure,chapter4willbededicatedtothestudyofthenew

Al2O3/O-diamond MOSCAParchitectureallowingatomiclayerdepositionat250
◦C.

Theheterostructurebandalignmentandelectricalpropertiesofthefabricateddiamond

MOSCAPwillbeshownanddiscussedintermsof MOSFETfabrication. Moreover,

duringafourmonthsstayattheNationalInstituteforAdvancedIndustrialScienceand

Technology,theelectricalcharacterizationofadiamondMOSFEThasbeenperformed

andtheresultswillbepresentedinsection4.6.
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3.1 Introduction

Intheviewofoptimizingthearchitectureandpredictingtheelectricalcharacteristicsof

futurediamondpowerdevices,implementationofthephysicalparametersandmodels

ofdiamondintoTCADfiniteelementbasedsoftwaresisrequired.

Inthiscontext,Rashidetal.[Rashid2008]havemodeleda1DdiamondSchottkymetal-

intrisic-p+(m-i-p+)diodeandstudiedtheforwardandreverseJ(V)characteristicsof

thestructure.Theauthorspresentedtheimplementedmodelsandpointedoutthelack

ofdatainherenttodiamondmaterialaswellasthedifficultiesencounteredtosimulate

intrinsicdiamondlayersincetheintrinsiccarrierconcentrationisoftheorderof10−27

cm−3at300K.TheyfoundgoodcorrelationsbetweensimulatedandexperimentalSchot-

tkydiodeJ(V)characteristics.Thearchitectureofsuchaunipolardevicehasalsobeen

studiedbyThionetal.[Thion2011].Theauthorsstudiedtheeffectofafieldplateon

theelectricfielddistributioninthestructureshowingtheimportanceofnumericalsimu-

lationforoptimizingthedevicearchitecture.Nawawietal.[Nawawi2011]modeledthe

staticandtransientcharacteristicsofadiamondSchottkydiodeinordertodemonstrate

thepotentialofdiamondunipolardevicesforpowerelectronicapplications. However,

amoresystematicapproachformodelingeitherunipolarorbipolardiamonddevices

isneeded.Sincediamondtechnologyisstillveryyoung,thereisalackofparameter

valuesinthenumericaltools.IntheperspectiveofaccuratelymodelingdiamondMOS-

FETs,itisoffundamentalimportancetoimplementthephysicalparametervaluesof

diamond(impactionizationcoefficients,carrierlifetimes)andmobilitymodelsintothe

devicesimulators,overawiderangeoftemperature.Thus,studyingthebuildingblocks

ofdiamondMOSFET,herethep-njunction,isneeded.

Inthischapter,thephysicalparametervaluesofdiamondhavebeenimplementedinto

SilvacoTCADfiniteelementbasedsoftware[SILVACO2010]. Theimplementedmod-

elshavethenbeenappliedtoadiamondp-njunction,datatakenfrom Makinoetal.

[Makino2008]andKoizumietal.[Koizumi2013].Thesereferenceswereusedtocom-

paretheimplementedparametervaluesandmodels.Inafirstpart,thenumericalmod-

elswillbedescribed.Then,thesimulateddiamondp-njunctioncharacteristicswillbe

presented. Theinfluenceoftemperature,Shockley-Read-HalllifetimesandAugerre-

combinationparametersonthecarrierdensitiesandontheJ(V)characteristicswillbe
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shown. Moreover,theelectricalpropertiesofasimpleplanarstructureMOSFETwillbe

presentedanddiscussed. Wewillconcludeontheperspectivesandthemaindifficulties

duetothelackofparametervaluesandmodelsimplementedinthenumericalsimulation

tools.

3.2 Mathematicalmodels

Inasemiconductor,freecarriersdisplacementinducesacurrent. Thiscurrentcanbe

causedeitherbyanappliedelectricfield(carrierdrift)orbyadifferenceincarriercon-

centrationbetweentworegions(carrierdiffusion).Thesetwophenomenaaretakeninto

accountbysolvingPoisson’sequationtogetherwiththecarriercontinuityequationsand

drift-diffusiontransportequations[SILVACO2010,Sze2007].Poisson’sequationasso-

ciatestheelectrostaticpotential(V)tothespacechargedensity(ρ)inthesemiconductor,

andisrelatedtothepropertiesofthep-njunctiondepletionlayer(tobediscussedlater):

△V=−
ρ

εsc
(3.1)

where△ istheLaplaceoperator,εscisthesemiconductordielectricconstant. The

electricfieldisobtainedfromthegradient∇oftheelectrostaticpotentialas:

−→
E=−

−→
∇V (3.2)

Thecarriercontinuityequationsaredescribedasfollows:

∂n

∂t
=
1

q

−→
∇.
−→
Jn+Gn−Rn (3.3)

∂p

∂t
= −

1

q

−→
∇.
−→
Jp+Gp−Rp (3.4)

withnandptheelectronandholeconcentrations,
−→
Jnand

−→
Jptheelectronandhole

currentdensities,GnandGptheelectronandholegenerationratesandRnandRpthe

electronandholerecombinationrates.Thelastsetofequationsrequiredtodescribethe
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evolutionoftheelectronandholedensitiesresultingfromthetransportprocesses,gen-

erationprocessesandrecombinationprocessesarethedrift-diffusiontransportequations

describedbyEq.3.5andEq.3.6inthecaseofBoltzmannstatistics:

−→
Jn = qnµn

−→
En+kBTµn

−→
∇n (3.5)

−→
Jp = qpµp

−→
Ep−kBTµp

−→
∇p (3.6)

withµnandµpbeingtheelectronandholemobilities,nandptheelectronandhole

concentrations,
−→
Enand

−→
Eptheeffectiveelectricfieldsas:

−→
En = −

−→
∇ V+

kBT

q
ln(ni) (3.7)

−→
Ep = −

−→
∇ V−

kBT

q
ln(ni) (3.8)

Alltheseequationscanbesolvedanalyticallybyknowingtheboundaryconditionsusing

Boltzmannapproximationandwhenuniformdopingprofilesareconsidered. However,

whenFermi-Diracstatisticsareconsidered,oneneedstouseanumericaltooltosolvethe

equations.Furthermore,ifrecombination-generationprocessesaretakenintoaccount,

orfor2Dand3Dstructuresandnonuniformdopingprofilesarestudied,numericaltools

begintobemandatory.Thefollowingsectionpresentsthep-njunctioncharacteristics

studiedtocheckthevalidityoftheparametervaluesandmodelsimplementedintoSilvaco

software.Newton’sfiniteelementmethodisusedforsolvingtheequationsateachfinite

elementofthesimulationdomainrepresentingthestructure.

3.3 Modellingofadiamondp-njunction

Duetothelargedopantionizationenergies,thecharacteristicsofthediamondp-njunc-

tionsareexpectedtobedifferentfromclassicalsiliconp-njunctions,mainlyduetothe

deep-dopanteffect[Koide2004].Inordertovalidatethepropertiesofthediamondp-n

junctionsimulatedbySilvacofiniteelementbasedsoftware,westudiedtheelectrostatic
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1 µm 

1 µm p-type diamond 
NA = 4×10

17 cm-3 

n+-type diamond 
ND = 2×10

19 cm-3 

Top electrode 

Bottom electrode 

Figure3.1: Simplifiedp-n
junctionstructureforthe1D
equationresolution.

featuresofthestructureaswellasthecarrierconcentrations. Thesimulationofthe

mobilityneglectedtheeffectoftheelectricfieldinthestructureaswellasthehopping

mobility.Theeffectofthefirstonewouldbeadecreaseofthemobilityintheregions

ofhighelectricfieldleadingtoadecreaseofthecurrentdensity. Onthecontrary,the

hoppingmechanismwoulddecreasetheresistivity,henceincreasingthecurrentdensity

inthep-njunction.

3.3.1 p-njunctioncharacteristics

Thesimulatedp-njunctionwasinspiredbytheworkofKoizumietal.[Koizumi2013,

Koizumi2002]andMakinoetal.[Makino2008,Makino2006].Forsimplicity,weconsid-

ereda1Dequationresolutiontocheckthevalidityofthedifferentparametervaluesand

modelsimplementedinthenumericalsimulationtool. Thestructureofthesimulated

diodeconsistsinap-typediamondlayerwithboronconcentrationNA=4×10
17cm−3

andthicknessof1µmdefinedontopofthen+-typediamondlayerwithphosphoruscon-

centrationND =2×10
19cm−3andthicknessof1µm.Thisstructurehasbeenchosen

tobeverticalinoppositiontothepseudo-verticalstructurepresentedin[Koizumi2013]

forsimplicity(seeFig.3.1).

Thetemperaturehasbeensetto300K.Ohmicboundaryconditionswereappliedby

sandwichingthejunctionbetweentwometallicelectrodescoveringtheentiresurface.

Thecompensationratiosarecn=10%[Pernot2008]andcp=1.25%inthen
+-typeand

p-typelayerrespectively. Themodelspresentedinsection2.2wereappliedtothep-n

junction. Aparticularattentionwaspaidwhendefiningthemeshofthestructureto
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preventnumericalconvergenceproblems.Fig.3.2.(a)showsthesimulatedelectricfieldas

afunctionofthepositioncenteredatthep-njunction,fordifferentbiasingconditions.

Themaximumelectricfieldvalueatthep-njunctionislinkedtothebuilt-inpotential

accordingtoEq.3.9.

|Em|=
2qNaNd(Ψbi−V)

εS(Na+Nd)
(3.9)

whereΨbi=Eg−Ea−Edisthebuilt-inpotential,q=1.602×10
−19Ctheelementary

charge,Vistheappliedvoltageandεsc=5.7ε0. Byapplyingaforwardbiasvoltage

tothejunction,thewidthofthespacechargeregionisreducedleadingtoadecrease

intheelectricfieldintensity. Theslopeoftheelectricfieldversusdepthinthep-

typeregion,nearthemetallurgicaljunction,givesthedopingconcentrationinthespace

chargeregionaccordingtodE/dx=−qNA/εsc. Theionizeddopantsconcentrationis

showninFig.3.2.(b).Inthespacechargeregion,whichmainlyextendsinthelowest

dopedregion,thedopantsarefullyionized. Movingawayfromthejunction,theionized

dopantsconcentrationreachesthecompensationconcentration. Fig.3.2.(c)showsthe

bandalignmentatzerobiasvoltageand300K.ThebuiltinpotentialofΨbi=4.7eV

isreproducedinagreementwithexperimentaldata.Thesefirstelectrostaticsimulations

clearlydemonstratethatthespecificitiesofdiamonddevicesarecorrectlyimplemented,

andmorepreciselytheincompleteionizationisverified.

3.3.2 Carrierdensityprofiles

Forcalculatingthecurrentdensitiesinthep-njunction,itisnecessarytosolvethedrift-

diffusiontransportequations.Theydependonthecarrierdensitiesinthedevicewhich

areaffectedbytheappliedvoltageaswellastherecombination-generationprocesses.

Dependingonthebiascondition,thestructurecanbeeitherintheloworhighinjection

regime. Thefollowingcarrierdensitiesresultfromthesimulationofthediamondp-n

junctionwithoutactivatingneitherSRHnorAugermodelstolimittheeffectsofthese

recombinationmodels.Theirinfluenceswillbestudiedinsection3.3.2.3.
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Figure3.2:(a)Electricfieldcalculatedacrossthejunctionatdifferentforwardbias
voltages.(b)Ionizeddopantsconcentrationasafunctionofthepositionatdifferent
forwardbiasvoltages.Thetransitionbetweenthespacechargeregionandtheneutral
regionsiscorrectlymodeled.(c)Bandstructurecorrespondingtothejunctionat
zerobiasandT=300K,whereCBandVBcorrespondstotheconductionband

minimumandvalencebandmaximumrespectively.
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3.3.2.1 Lowinjectionregime

Inthelowinjectionregime,theholeconcentrationinthen+-typeregion(minoritycarri-

ers),isseveralordersofmagnitudebelowtheelectronconcentration(majoritycarriers).

Theholeconcentrationinthen+-typeregionisenhancedbyincreasingtheappliedfor-

wardvoltage.Theeffectoftheappliedforwardvoltageonthecarrierconcentrationsis

presentedinFig.3.3.(a).

Figure3.3:(a)Holeandelectronconcentrationsfordifferentlowforwardbiascon-
ditions.(b)Banddiagramofthesimulatedp-njunctionat300KforVbias=4V,

showingconstantq-FL,EFpandEFnrespectively.

Thecalculatedcarrierconcentrationsareextremelylow,oftheorderof10−63cm−3at

Vbias=0.1V,butevenwithsuchlowconcentrations,theresultsarestillconsistent.The

holeandelectronconcentrationsarerelatedtothequasi-Fermilevel(q-FL)position

relativetotheintrinsicFermilevel(Ei≈Eg/2),asshownbyEq.3.10[Sze2007].

p=niexp
Ei−EFp
kT

,n=niexp
EFn−Ei
kT

(3.10)

whereniistheintrinsiccarrierconcentration,EFpandEFnaretheq-FLforholesand

electronsrespectively.

Whenthedifferenceinenergybetweenthe q-FLforholesandtheintrinsicFermilevelis

constant,theholeconcentrationremainsconstantinthestructure.Thesameholdsfor
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theq-FLforelectrons.ThisisillustratedbyFig.3.3.(b),whichrepresentsthesimulated

banddiagramofthep-njunctionforVbias=4V.

Theextremelylowcarrierconcentrationsresultinextremelylowdiffusioncurrentsin

thelowinjectionregime,andreachthenumericalprecisionlimitwhichisoneofthe

mainlimitationofdiamonddevicesimulations. However,thisisnotaproblemsince,

atlowbiastheleakagecurrentismainlygovernedbythecarriergenerationwithinthe

spacechargeregionratherthandiffusion. Theleakagecurrentduetocarrierdiffusion

(saturationcurrent)wouldindeedrepresentanegligiblepartofthemeasuredreverse

current[Sze2007].Asitwillbeshownhereinafter,amoredetailedmodelofgeneration

isrequiredforaprecisemodelofleakagecurrents.

3.3.2.2 Highinjectionregime

Thehighinjectionregimeappearsathigherbiasvoltage,whichthresholdisgivenby

Ψbi=4.7eV,deducedfromFig.3.2.(c),atroomtemperature. Consequently,thehole

concentrationinthen+-typeregionbecomeslargerthantheelectronconcentration.

Fig.3.4.(a)showstheholeandelectronconcentrationsinthestructure.Itcanbeseen

thattheholeandelectronconcentrationsarenomoreconstantintheneutralregions.

Thisisduetothefactthattheinjectedchargesinducethebendingoftheconduction

andvalencebandsasitisshownonthebanddiagrampresentedinFig.3.4.(b). This

bendingcausesapotentialdropattheoriginoftheseriesresistanceofthep-njunction

andtheresistivitymodulation.

Fig.3.5showsthesimulatedJ(V)characteristicsofthediodereportedin[Koizumi2013]

atthreedifferenttemperatures. Theexperimentaldataareplottedasacomparison.

Forbiasvoltagelowerthanthebuilt-inpotential,thesimulatedcurrentlevelisofthe

orderof10−10-10−11A.cm−2,andstronglylimitsthesimulationsbecauseitreachesthe

numericalprecisionlimitofapproximately10−11A.cm−2.

ThecomparisonbetweentheexperimentalandsimulatedJ(V)characteristicsshowsthat

thesimulatedlowinjectionregimecurrentdensitiesdonotcorrespondtothemeasured

one.Thisispossiblyduetoparallelleakageconductionpathswhicharenottakeninto

accountduringthesimulations,anditisalsoaconsequenceofmaterialimpuritiesand

defectswhichaffectscarriergeneration.Inthehighinjectionregimethereisadifference



Chapter3.Diamonddevicesimulations 66

Figure3.4: (a)Holeandelectronconcentrationsfordifferenthighforwardbias
conditions.Inthen+-typeregion,theholeconcentrationishigherthantheelectron
concentration.(b)Banddiagramofthesimulatedp-njunctionat300KforVbias

=7V,showingbandbendinginthestructure.

betweenexperimentalandsimulatedcurrentdensitieswhichcanbeadjustedeitherby

addingacontact/accessresistancetotheelectrodesorbytuningthecarrierlifetimes

oftherecombinationmodels. Moreover,theexperimentalidealityfactorof3.5isnot

reproduced.InordertobetterfittheexperimentalJ(V)characteristics,weinvestigated

ontheeffectsofSRHandAugerrecombinationmodels.Theresultsarepresentedand

discussedinthenextsection.

3.3.2.3 SRHlifetimesandAugerrecombinationparametersinfluence

TostudytheinfluenceofSRHlifetimevaluesonthesimulatedp-njunctioncharacteris-

tics,wechosethevalueofEt=0eVwhichmaximizestheSRHrecombinationrateof

Eq.2.27.Fig.3.6presentsthecarrierconcentrationsinthelow(Vbias=1V)andhigh

(Vbias=7V)injectionregimeforthreeSRHlifetimes,τp=τn=10
−9s,10−10sand

10−11swiththeconstantAugercoefficientsΓp=Γn=10
−30cm6.s−1.Itcanbenoticed

that,byincreasingthecarrierlifetimesupto10−9s,thecarrierconcentrationsarecloser

totheconcentrationscalculatedwhentheSRHandAugerrecombinationmodelsarenot

implemented.
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Figure3.5:SimulatedJ(V)characteristicsatdifferenttemperatureswithoutusing
SRHnorAugermodels.TheexperimentalJ(V)characteristic(opencircles),mea-
suredatroomtemperatureandreportedin[Koizumi2013],wasusedtovalidatethe
modelsandparametervalues.Thenumericalprecisionlimitisapproximately10−11

A.cm−2andthehighinjectionthresholdis4.7V.

TheinfluenceoftheAugerrecombinationparameteronthecarrierconcentrationsis

showninFig.3.7.Forthisstudy,thevalueoftheSRHcarrierlifetimeswasτp=τn=

10−9s. WhendecreasingtheAugerrecombinationparameterdownto10−30cm6.s−1,

thecarrierconcentrationsareclosetothecalculatedonewithoutrecombinationmodels.

Thesimulationsrevealthatmostoftheinfluenceappearsinthehighinjectionregime.

TheinfluenceoftheAugerrecombination-generationparametersontheJ(V)character-

isticsispresentedinFig.3.8.Relatedtothecarrierconcentrations,themaininfluenceof

theparametervaluesappearsinthehighinjectionregime.Inthelowinjectionregime,

theminoritycarrierconcentrationsaretoolowtohaveasignificantinfluenceonthe

currentdensities.

ThestudyoftheinfluenceoftheSRHlifetimesandtheAugerrecombinationparameter

valuesshowasignificantinfluenceonthecurrentdensities.Forinstance,goingfromτ
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Figure3.6:EffectoftheSRHlifetimes(τ=τp=τn)onthecarrierconcentrations
inthe(a)low(Vbias=1V)and(b)high(Vbias=7V)injectionregime. The
simulationsweredoneat300KandforaconstantvalueofΓp=Γn=10

−30

cm6.s−1.

Figure3.7:EffectoftheAugerrecombinationparameter(Γ=Γp=Γn)onthe
carrierconcentrationsinthe(a)low(Vbias=1V)and(b)high(Vbias=7V)
injectionregime.Thetemperaturewassetto300KandtheSRHlifetimeswereτp

=τn=10
−9s.
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Figure3.8:(a)InfluenceoftheSRHlifetimes(τ=τp=τn,Γ=10
−30cm6.s−1)on

thesimulatedJ(V)characteristics.(b)SimulatedJ(V)characteristicsfordifferent
Augerparametervalues(Γ=Γp=Γn,τ=10

−9s),T=300K.

=10−11stoτ=10−10sleadstoanincreaseofafactor728inthecurrentdensityat

10V.

Eventhoughtherecombinationmodelshaveaninfluenceonthecurrentdensities,the

differentparametervaluesdidnotleadtoabetterfitoftheexperimentalJ(V)charac-

teristicinthelowinjectionregime(seeFig.3.9).However,inthehighinjectionregime

thecontactresistancecanbetunedtofittheexperimentalJ(V)asshowninFig.3.9.A

combinationofgeneration-recombinationmodelsandseries/contactresistancemustbe

added,withaparticularattentiononcarriergenerationatlowforwardbiasandreverse

bias.
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Figure3.9:FitoftheexperimentalJ(V)characteristicreportedin[Koizumi2013],
at300KwithacontactresistanceRcontact=10Ω.cm

2andτ=τSRHp =τSRHn

=2×10−10s. Thisvalueiscalculatedaccordingtothediffusionlengthofholes
reportedbyKatoetal.[Kato2013]usingLh=

√
Dτ,whereDisthediffusion

coefficient,D=kBTµ/q.TheidealityfactornoftheexperimentalI(V)is3.5.

3.3.2.4 Reversecharacteristicandbreakdownvoltage

Asshowninsection3.3,thecarrierconcentrationsareextremelylow.Asaconsequence,

whentheappliedforwardvoltageislowerthanthebuilt-inpotential,thecurrentdensity

inthep-njunctionistoolowtobeaccuratelycalculated,asitreachesthenumerical

precisionlimit.Impuritiesanddefectsmustalsobeintroducedandmodeledinorderto

correctlyrepresentthespecificitiesofnoveldiamonddevices.Theseareonesofthemain

limitationsfordiamonddevicesimulation,sincetheintrinsiccarrierdensityisextremely

lowaswellasthefreecarrierconcentrations.Furthermore,predictionoftheelectrical

devicecharacteristicsneedstheimplementationofavalancheimpactionizationparameter

valuesaswellashoppingconductivitymodelsintothesimulationtools.

Topredictthebreakdownvoltageofthesimulateddevices,oneneedstoknowthe

avalancheimpactionizationcoefficientsforholesandelectrons,αpandαnrespectively

showninEq.3.11and3.12[Raynaud2010,Hiraiwa2013,Hiraiwa2015].



Chapter3.Diamonddevicesimulations 71

αp=apexp −
bp
|E|

(3.11)

αn=anexp −
bn
|E|

(3.12)

where|E|istheabsolutevalueoftheelectricfieldinthestructure,ap(an)andbp(bn)are

constantsforholes(electrons),orelectricfieldandtemperaturedependentdependingon

theimplementedimpactionizationmodel.Theavalancheimpactionizationcoefficients

areusedtocalculatethemultiplicationcoefficientsforelectronsandholes(Mn,Mp)

playingaroleinthecalculationofthetotalcurrentdensity[Sze2007]. Usually,the

breakdownconditionsaredeterminedbycalculatingtheionizationintegral,suchthat

theintegralbecomesunity.Specifically,thefollowingequationhighlightstherelationship

betweentheimpactionizationcoefficientsandthemultiplicationfactorforholesMp:

1−
1

Mp
=

Wm

0

αpexp −

x

0

(αp−αn)dx
′ dx (3.13)

withtheavalanchebreakdownvoltagedefinedasthevoltagewhereMpbecomesinfinite,

suchthat:

Wm

0

αpexp −

x

0

(αp−αn)dx
′ dx=1 (3.14)

wheretheavalancheisinitializedbyholesandtheintegralrunsoverthedepletionlayer

thickness,Wm standingforthemaximumvalueofthedepletionlayerthickness.

Atthepresenttime,therearenoexperimentalreportsconcerningtheimpactionization

coefficientvalues.However,theoreticalvaluesextrapolatedfromsiliconandsiliconcar-

bidearereportedin[Rashid2008,Raynaud2010,Ding2010].Forinstance,thevalues

ofap,n=1.935×10
8cm−1andbp,n=7.749×10

6V.cm−1implementedinthemodelsre-

portedin[Ding2010]ledtobreakdownfieldofEmax=1.23MV.cm
−1foradopinglevel

NA=1.23×10
17cm−3.Thesameparametervaluesusedforestimatingthebreakdown

fieldoftheSchottkydiodereportedin[Volpe2010],ledtoadecreaseofafactor10of

thesimulatedbreakdownfieldascomparedtothemeasuredEmax =7.7MV.cm
−1for
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a b

units cm−1 V.cm−1

electron 1.46×105 2.4×107

hole 0.61×105 1.39×107

Table3.1:Impactionizationcoefficientsforelectronandholeafter[Hiraiwa2013].

aboronconcentrationofNA=(1.4-2.8)×10
16cm−3.Furthermore,thisvalueismuch

lowerthanthepredicted10MV.cm−1breakdownfield.Duetothislowbreakdownfield

value,theauthorof[Ding2010]usedanothersimulationmethodwhichconsistedtostop

thesimulationswhentheelectricfieldintheSchottkydiodereached5.6 MV.cm−1,a

methodopentocriticismbutjustifiedbythelackofimpactionizationdataavailablefor

diamond.

Recently,HiraiwaandKawarada[Hiraiwa2013,Hiraiwa2015]theoreticallyreproduced

thebreakdownvoltageasafunctionofthedopingconcentrationofdiamonddiodesby

empiricalestimationoftheionizationcoefficients.Thesecoefficientswereimplemented

inthesimulationtoolandareshowninTab.3.1.

Aparticularattentionwaspaidforsimulatingthereversebreakdowncharacteristicbe-

causeoftheextremelylowcalculateddiffusioncurrents. Thus,anarbitraryvalueto

theleakagediffusioncurrentwasdefinedbeforemodelingthereversebreakdowncharac-

teristicbyusingtheimpactionizationmodel.Fig.3.10presentsthetheoreticalreverse

characteristicofthesimulateddiamondp-njunctiondiode.Itpredictsabreakdownvolt-

ageofapproximately225V.Theinsertshowsthetheoreticalelectricfieldasafunction

ofthedepthatbreakdown,themaximumfieldbeing7.7MV.cm−1.

Ongoingworkontheimplementationoftrapassistedtunneling[Garino2012]andband

tobandtunnelinginordertomodelthelowinjectioncurrentandthereversecurrentof

thebipolardeviceswilleventuallyleadtoabetterestimationofthecurrentdensityin

thelowinjectionregime.

3.3.2.5 Hoppingmobilitymodel

Fordopinglevelsoftheorderof1018−1019cm−3,belowthemetal-insulatortransition,

theconductivityisdominatedbycarriershoppingfromneutraltoionizedimpuritiesat

roomtemperature.Inthecaseofboron-dopeddiamond,theconductivityisgoverned
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Figure3.10:TheoreticalreverseJ(V)breakdowncharacteristicofthesimulateddia-
mondp-njunction.Thesimulationendconditionwaschosenbysettingacompliance
currentof1×10−2A.cm−2.Theinsertrepresentstheelectricfieldasafunctionof

thedepthatbreakdown.Themaximumelectricfieldis7.7MV.cm−1.

byacombinationofbandconductionandvariablerangehopping(VRH)mechanism

[Klein2007,Sato2000].Here,thediscussionisfocusedonhoppingmechanismoccurring

inn+-typediamond. Unlikesilicon,atroomtemperature,thisconductionmechanism

playsanimportantroleindiamond.Thenearestneighborhopping(NNH)experimentaly

observedinn+-typediamondleadstoadecreaseoftheresistivity,andhenceimprovesthe

performanceofthedeviceasshownin[Oyama2009].Inordertotakethismechanisminto

accountduringthesimulations,theNNHformulahasbeenimplementedintoSilvacovia

abuilt-inClanguageinterpreter.Theequivalentmobility(µeq)iscalculatedasfollows:

σn = q(nBµB+nHopµHop) (3.15)

σn = qnBµeq (3.16)

µeq = µB+
nHop
nB
µHop (3.17)

µHop =
1

6

qR2Hop
kT

νphexp −2αRHop−
qWHop
kT

(3.18)

wherethetermµBrepresentsthebandconductionmobility,describedinsection2.2.3,
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andthetermµHoprepresentsthenearestneighborhoppingmobility[Massarani1978].

nB istheelectronconcentrationintheconductionbandcalculatedfromEq.2.22and

nHopisthehoppingcarrierconcentrationgivenbynHop=ND-nB,whichrepresentsthe

non-ionizedcarrierconcentration.Sincethethermalionizationenergyofthephosphorus

donorislargeindiamond,thedensityofneutraldonornHop isassumedtobeND.In

thisapproach,weassumedthatallthenon-ionizedimpuritiesparticipatetothehopping

mechanism.Accordingto[Hosoda2013],α−1=1.8nmisthelocalizationlengthofthe

wavefunction[Shklovskii1984,Mott1987],WHopisthethermalactivationenergyfor

thehoppingprocess,RHop≈N
−1/3
D isthemeandistancebetweenimpuritiesandνph=

2×1011s−1isrelatedtothephononfrequency[Hosoda2013].

Inordertovalidatetheapproachandthepossibilityofhoppingmobilityimplementa-

tion,auniform1Dn-typediamondlayerwithatopandabottomohmicelectrodewas

simulatedinSilvacousingtheequivalentmobilityformula(seeEq.3.17)implementedvia

theClanguageinterpreter. Theprocedurewastoapplyasmallvoltagebiasbetween

thetwoelectrodes,thenfromtheJ(V)characteristicsweextractedthetotalresistance

(dV/dI)tofinallygettheresistivityofthen-typediamondlayer.Resultsarepresented

inFig.3.11,whichshowstheresistivityasafunctionofthedopingconcentration.The

decreaseinresistivityduetohoppingconductivitymechanismappearsclearlyat200K

foradopinglevelofND =2×10
18cm−3,andat300KforadopinglevelofND =10

19

cm−3. Athighertemperature,theeffectofhoppingmechanismtendstovanishdueto

theincreasingionizationrateofthen-typediamond,asitcanbeseenforthe500Kand

600Kresistivitycurves.

ThereliabilityofthehoppingmobilityformulaimplementationisconfirmedbyFig.3.12,

whichpresentsthesimulatedresistivityasafunctionof1000/Tfordifferentcompensa-

tionvaluesandadopingconcentrationofND =8×10
19cm−3.Thecompensationwas

takenasafittingparameter,inordertoreproducetheexperimentaldatareportedby

Oyamaetal.in[Oyama2009](blueopencircles).Itappearsthatthecompensation

affectsthehightemperatureregionofthecurve,whichcorrespondstothebandconduc-

tionmechanism.However,from50Kto200K,whentakingintoaccountthedifferent

compensationvalues,theresistivitycannotbecalculatedconsequentlytotheextremely

lowcarrierconcentrations.Thehoppingresistivityisnotaffectedbythecompensation

valuesastheauthorin[Werner1997]reportedforborondopeddiamond.
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Figure3.11:Resistivitycalculatedfromauniform1Dn-typediamondlayertak-
ingintoaccountthecombinedeffectofbandandhoppingmechanisms(solidline)

comparedtothebandconductionmechanism(dashedline).

Figure3.12:Calculatedresistivityasafunctionof1000/TforND=8×10
19cm−3

atdifferentcompensationvalues.Theopencirclesrepresenttheexperimentaldata
reportedin[Oyama2009].
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Thismodelsuccessfullytakesintoaccountthehoppingconductionmechanismandre-

producestheexperimentalresistivityreportedin[Oyama2009].Furthermore,itwillbe

usedtopredicttheeffectofhoppingconductiononthedeviceelectricalcharacteristics,

withoutfalselycontributingtootherphenomena.

3.3.3 Summary

Electricandelectronicpropertiesofdiamondp-njunctionweresimulatedforthefirst

timeusingSilvacofiniteelementbasedsoftware. Duetoaneffectoflargeactivation

energyinthelargebandgapsystem,carrierconcentrationchangedlargelyinthelow

injectionconditionwithbiasvoltage. Oncetheinjectionconditionchangedintohigh

injectionmode,bandbendingwaspredictedtooccurevenintheneutralregioninn-

typelayer.Simulatedcurrent-voltage(J(V))characteristicsassumingthesimplestacking

p-njunctionstructurewithNA=4×10
17cm−3forthep-typelayerandND =2×10

19

cm−3forthen+-typelayerwerecomparedwiththeexperimentallyobtaineddata.Bias

voltageboundarybetweenlowandhighinjectioncondition,Ψbi=4.7eV,waswell

reproduced. However,alargediscrepancywasobservedbetweenthesimulatedresults

andexperimentallyobtaineddataontheabsolutecurrentlevelandslopeofJ(V)curve

werelarge,evenconsideringtheSRHandAugerrecombinationmodels. Thismeans

thattheotherunconsideredfactorssuchasohmiccontactresistivity,carriertunneling

andcrystallinedefectscontributesstronglytotheJ(V)characteristicsofdiamondp-n

junctionremain. However,itispossibletopredictthebreakdowncharacteristicofthe

p-njunctionwhichisevaluatedtohappenatareversebiasvoltageof225V. Also,

importantfactorsuchasthehoppingmobilitymustbetakenintoaccount.Inthisway,

hoppingmobilitywasimplementedintothesimulationtools.Thisworkismotivatedby

theincreasingnumberofdiamonddeviceswhichemergedinthepastfewyears.Recently,

ithasbeendemonstratedthatdifferentregimescanbecontrolledina MOScapacitor

[Chicot2013b]openingtherouteforthefabricationofa MOSfieldeffecttransistor.

Thus,itisfundamentaltopredictasaccuratelyaspossibletheelectricalcharacteristics

ofthisfuturediamonddeviceaswellasitsarchitectureinordertofabricatepowerdevices

showingoutstandingelectricalperformances.
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3.4 Modellingofadiamondmetal-oxide-semiconductorfield

effecttransistor

3.4.1 Historicalframeworkofthe MOSFET2

Morethan80yearsofdevelopmentinthefieldofsolidstateelectronicdeviceshaveledto

themarketoftheintegratedcircuitsasweknowit.Thiswouldn’tbepossiblewithoutthe

pioneeringwork,inthelate1920’s,ofJuliusE.Lilienfeldwhoproposedthefirstpatents

describingtheworkingprincipleandstructureofamplifyingdevicesbasedonthefield-

effect.Infact,heproposedthreepatentscontainingfivetransistorstructuresamong

whichthemetal-oxide-semiconductorfieldeffecttransistor(MOSFET)wasdescribed.

Moreover,in1935,O.Heilproposedtheinversionchannel MOSFET.Onthisbasis,

thefirstdemonstrationofthetransistoroperation,thatisasolidstatedevice(inthis

caseabipolartransistor)showingapowergaingreaterthatunity,wasdemonstrated

in1947byBrattainandShockley. Furthermore,in1948ShockleyandPearsonmade

thedemonstrationofthefieldeffect,thatisa modulationoftheconductancetakes

placeinthesurfaceregionofasemiconductor[Shockley1948,Shockley1956].However,

thesefirstmilestonesinthedevelopmentofmodernsolidstatedevices,sufferedfroma

lackofreproducibility. Actually,itwasshownthatthedensityofinterfacestateswas

extremelyhigh(aboutonesurfacestateordanglingsiliconbondpertensiliconsurface

atoms)resultinginasmallconductivitymodulation. Thus,greateffortsweredoneto

stabilizethesiliconsurface,especiallybyusingthermaloxidationofthesiliconsurface

toproducehighqualitysilicondioxide. Thusin1960,thesuccessfuloperationofap-

typesiliconMOSFETusingthermallygrownSiO2gateoxideoverann-typeinversion

layerbetweentwobacktobackn+-pjunctionscouldbedemonstratedbyKahngand

Atalla[Kahng1976].ThesedevelopmentshaveledtheMOSFETtobethemostspread

electronicdeviceandalsoasbeingofuseforpowerdeviceapplications.Thenextsection

willdescribetheworkingprincipleofthemoderninversionmodeMOSFET.

2thissectionisbasedontheextremelydetailedreviewofC.T.Sah[Sah1988].
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3.4.2 MOSFETworkingprinciple

TheMOSFETisafourterminaldevicewherethechannelresistancebetweentwosuitably

locatedohmiccontacts(thesourceandthedrain)iscontrolledbythethirdcontact(the

gate),theforthcontactactingasthebackgate,whichroleistocontrolthesubstrate

potential.Thesourcecontactisusedasthereference(connectedtotheground)andthe

backgatecontactisinshortcircuitwiththesource.ThestructureoftheMOSFETis

depictedinFig.3.13,inthecaseofann-typeinversionchanneldevice,NMOSFET.

n+ 

B 

S G D 

W 

L 
tox 

p-type substrate 

Channel 

VGS VDS 

x 

y z 

Figure3.13:Schematicstructureofann-typechannelMOSFET.L,W andtox
representthegatelength,thegatewidthandtheoxidethicknessrespectively.

ThemainparametersoftheMOSFETarethechannellengthL,thechannelwidthW,

thegateoxidethicknesstoxandthedopinglevelofthep-typesubstrateNA[Sze2007].

WhenthedrainvoltageVDS issmall(positive)orground,andifthegatevoltageVGS

=0V,thetwobacktobackp-n+ junctionsensuretheoffstateofthedevice:no

currentflowthroughthep-typesubstrateseparatingthetwoelectronreservoirs(n+

regions).ThisisanimportantdifferenceifwecomparetonitrideHEMT(HighElectron

MobilityTransistor)orhydrogenterminated MOSFET(H-MOSFET)wheretheoff-

stateisensuredonlybychanneldepletion.Byapplyingasufficientlyhighbiasvoltage

tothegatecontactVGS>Vth>0,thep-typesubstratecanreachtheinversionregime,

electronsareaccumulatinginthesemiconductorattheoxide/semiconductorinterface,

thuscreatingan-typeconductingsurfacechannel.Asaresult,acurrentcanflowbetween

thedrainandsourcecontactsforVDS =0andtheconductanceofthechannelcanbe

electrostaticallycontrolledbytheappliedgatevoltageVGS.Theoperationofthegate
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contactisdescribedinsection2.3. Thegatevoltageatwhichthetransistoristurned

on,thatisthechannelreachestheinversionregime,iscalledthethresholdvoltageVt

andgivenby[Sze2007,Baliga2012]wheninterfacestatesandoxidefixedchargesare

neglected:

Vth=VFB+
2kBT

q
ln

p

ni
+

4εsckBTNAln
p
ni

εox/tox
(3.19)

whereVFBistheflatbandvoltage
3,kBisBoltzmann’sconstant,Tthetemperature,qthe

elementarycharge,NAthedopinglevelinthep-typeregion,pthefreeholeconcentration

calculatedfromEq.2.19,nitheintrinsiccarrierconcentration,εscthesemiconductor

relativedielectricconstant,εoxtheoxiderelativedielectricconstantandtoxtheoxide

thickness.Theflatbandvoltageiscalculatedfromthefollowingequation[Sze2007]:

qVFB=q[ΦM −(χsc+Eg−φp)] (3.20)

withΦM =4.3eVcorrespondingtothetitaniumworkfunction,χsc=1.7eVisthe

O-diamondsurfaceelectronaffinityandφp=0.37eVistheFermipotentialwithrespect

tothevalencebandedge,approximatedtobeconstantinthisanalysis.Thus,theflat

bandvoltageiscalculatedtobe-2.5VincaseofaTi/Al2O3/O-diamondstack.

Asimpleanalyticalcalculationallowstoestimatetheeffectofbothp-typelayerdoping

concentrationandoxidethicknessonthethresholdvoltageoftheinversionmodediamond

MOSFET,asshowninFig.3.14. Thecalculationisperformedat300Kvaryingthe

dopingconcentrationfrom1013cm−3to1018cm−3andthegateoxidethicknessfrom20

nmto200nm.Asaresult,thethresholdvoltagerangesfrom2.2Vto24.6V.However,

forpracticaldevicerealization,thevaluesabove6Vwillnotbeconsideredandthusthe

samecolorlevelisapplied.Recently,Kovietal.[Kovi2015]reportedtheobservationof

theinversionregimeindiamondMOSCAP.However,theMOSCAPsufferedfromhigh

leakagecurrents,whichmightaffectthedeviceC(V)properties. Thus,measurement

artifactscomingfromthehighleakagecurrentsshouldnotbediscarded. Evenifthe

inversionregimecouldhavebeenobserved,thedopinglevelsreported(>1019cm−3)

3itsvalueisconstantinthisanalysis.
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Figure3.14:Thresholdvoltagecalculatedat300KfromEq.3.19,showingthep-type
dopinglevelNAandoxidethicknesstoxinfluence.

mightnotbesuitablefordeviceapplications,sincetheyleadtothresholdvoltagesabove

6V.

IntheinversionmodeMOSFET,electronscarriedalongthelongitudinalaxis(parallel

tothex-direction,seeFig.3.13)bythelocalelectricfieldduetotheSource-Drainbias,

giverisetoaconductioncurrent.Thislocalconductioncurrentdependsontheeffective

electronmobilityµntogetherwiththewidthW ofthetransistorchannel,suchthat

[Vincent2008]:

IDS=µnWQinv
dΨs
dx

(3.21)

whereQinvisthelocalinversioncharge,andΨsisthesurfacepotentialasdefinedin

section2.3.

ThelocalinversionchargeasafunctionofthesurfacepotentialisillustratedinFig.3.15.

Then,theintegrationfromthesourcetothedrain,atdistanceLgives:

IDS·L=µnW

2Ψb+VDS

2Ψb

Qinv(Ψs)dΨs (3.22)
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TheintegralintheQΨplanecorrespondstotheareaAQΨ,whichisdelimitedbythetwo

verticallines2Ψband2Ψb+VDS,thesquarerootofdepletionandtheoxidecapacitance

straightline,asillustratedinFig.3.15.

Figure3.15: Localinversionchargeasafunctionofthesurfacepotential
[Vincent2008].ThecurrentisproportionaltotheareaAQΨdelimitedbythetwo
verticallines2Ψband2Ψb+VDS,thesquarerootofdepletionandtheoxidecapac-

itancestraightline.

Finally,thecurrentisobtainedafterintegration,knowingthatQinv=
εox
tox
(VGS−Ψs)−

√
2εscqNAΨs,thus:

IDS=µn
W

L

εox
tox

VGS−2Ψb−
VDS
2

VDS−
4

3

εsc
εox

tox

2εsc2Ψb/qNA
(2Ψb)

2 1+
VDS
2Ψb

3/2

−1

(3.23)

Theaboveexpressioncanbesimplifiedusingpowerseriesof(1+VDS/2Ψb)
3/2around

VDS,ifVDS≪(VGS−Vt)(linearregime)[Sze2007]:

IDS=µn
W

L

εox
tox

VGS−Vt−
VDS
2

VDS (3.24)
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Now,itispossibletodistinguishthreeworkingregimes,dependingontheSource-Drain

bias:

•ifVDS≪VDSAT,thelinearregimeisdescribedbyIDS=µn
W
L
εox
tox
(VGS−Vt)VDS;

•ifVDS≫VDSAT,thesaturationregimeisdescribedbyIDS =µn
W
L
εox
tox
VGS−Vt−

VDSAT
2 VDSAT;

•thenon-linearregimelinksthetwoaforementionedregimes.

TheseregimesareillustratedinFig.3.16.a)wheretheIDSvs. VDS characteristicof

thesimulateddiamondMOSFET(tobedescribedinthenextsection)withgateoxide

thicknesstox=20nmanddopingconcentrationNA=10
15cm−3hasbeenplotted.If

thegatebiasvoltageVGSisbelowthethresholdvoltageVt,thedraincurrentIDSisnull.

When VGS >Vth,thecurrentfirstlinearlyincreasesandthensaturates.Intheabove

description,VDSAT representsthedrainvoltageatwhichtheinversionchargenearthe

draincontactreducestozero.AtthisspecificvalueVDSAT =VGS−Vth,thetransistor

ispinched-offandwithfurtherincreaseofthedrainvoltageVDS,theareaAQΨremains

constant(sinceVGSisfixed).Asaresultthesaturationcurrentis:

IDS=
1

2
µn
W

L

εox
tox
(VGS−Vth)

2 (3.25)

ThesameanalysiscanbeperformedwhenconsideringaconstantvalueforVDS and

varyingVGS.TheresultingcurvegivestheevolutionofIDS asafunctionofVGS fora

constantappliedVDS. AsshowninFig.3.16.b),whenVGS<Vth,IDS (theconduction

current)isnull.ForbiasvoltagesVGS Vth,theMOSFETisinthesaturationregime

andIDS followstherelationshipgivenbyEq.3.25.Finally,forVGS≫Vth,theinversion

layerdevelopsunderthewholegatelengthLandthetransistorreachesthelinearregime.

Thedetailsofthedevicesimulationwillbegiveninthenextsection.

3.4.3 Designofaplanarinversion MOSFET

Inordertovalidatetheimplementeddiamondmodels,asimpleplanarMOSFETstruc-

turewassimulatedusingTCADSilvaco[SILVACO2010].Themainparametereffects,
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Figure3.16:a)IDS vs.VDS characteristicofthesimulateddiamond MOSFET
withNA =10

15cm−3,tox=20nmandT=300K.Thecurveischaracter-
izedbythelinearincreaseofIDS (linearregime),followedbythesaturationwhen
VDS=VDSAT =VGS−Vth.b)CorrespondingIDSvs.VGScharacteristic(transcon-

ductance)withVDS =1V.

namelyoxidethicknesstox,temperatureTanddopinglevelNA,onthesimulateddi-

amond MOSFETelectricalcharacteristicswereinvestigated. Thus,inafirstpartthe

simulatedstructurewillbedescribed.Then,thedcsimulationresultswillbediscussed.

3.4.3.1 DesignusingTCADSilvaco

ThestructurewasinspiredbytheexperimentalworkperformedinAIST(Tsukuba,

Japan)describedinsection4.6andisrepresentedinFig.3.17.

Thestructureiscomposedoffourterminals,thesource,thedrain,thegateandthe

backgatewithrespectivedimensionsof1µm,3µmand18µm,whichallowsseparate

controlofthetopandbottomgatespotentials.However,inthepresentcase,theback

gatecontactisshortcircuitedwiththesourceelectrodeandgroundedasapotential

reference.Thegatecontactoverlapsthesourceanddrainn+-typeregionby0.1µm,in

orderthatwhentheinversionchanneldevelops,noadditionalseriesresistanceappears

duetonon-invertedregion. Thisstructurehastheadvantageofbeingnormally-off

duetothepresenceofthetwobacktobackn+-pjunctionswithbuilt-inpotentialof

approximately4.7V.Thedopingconcentrationofthesourceanddraincontacts(n+-

typediamond)wassetto1020cm−3andthespacingbetweenthemwas2.8µm,which
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correspondstotheinversionchannellengthL.Inordertosimplifythestudy,thehopping

conductionmechanismwasneglected.Theeffectofhoppinginthen+-typelayerwould

beadecreaseoftheresistanceofbothsourceanddraincontacts[Oyama2009]. The

devicepropertiesaremainlydeterminedbythechannelproperties(NAandL)andthe

oxidethickness.Inthepresentstudy,thechannellengthLwaschosentobeconstant.

Finally,theMOSFETperformanceshavebeeninvestigatedversusp-typelayerdoping

concentrationNA,oxidethicknessdoxandtemperatureT.Theeffectoftheseparameters

ontheelectricalpropertiesofthesimulatedplanarinversiondiamondMOSFETwillbe

discussedinthenextsection.

3.4.3.2 Electricalsimulations

Themodelsimplementedforthesimulationofthep-njunctionelectricalproperties(see

section3.3)wereusedforthesimulationoftheplanarMOSFETstructure.Theoxide

layerwasconsideredperfect,correspondingtotheideal MOScapacitorasdefinedin

section2.3. Moreover,forinsulatormaterials,onlythePoissonandlatticeheatequations

aresolved. Therefore,theonlyadjustableparameteristheoxiderelativedielectric

constant. Thisrestrictionwillhavealotofconsequencesonthesimulationofgate

leakagecurrents. However,thisdifficultycouldbeovercomebydefiningtheinsulating

18 µm 

L = 2.8 µm 
4 µm 

1 µm 

1 µm [P]=1020 cm-3 

p-type diamond [B] = NA 

[P]=1020 cm-3 
Al2O3 

Back gate 

Source Gate Drain 
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dox 

x 

y 

Figure3.17:StructureofthesimulatedplanarMOSFET.TheSourceandBackgate
contactareshortcircuitedandgrounded.
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layerasasemiconductor.Inthiscase,thematerialpropertiesmustbespecified,such

astheelectronandholemobilities,whicharedifficulttoaccessfordielectricmaterials,

thebandgap,theelectronaffinityand,nottobeneglected,generation-recombination

models.Inthefollowing,theoxidelayerwasconsideredasperfectinordertosimplify

theanalysis.Innearfuture,theimplementationofmaterialparameterswouldbeagreat

stepforwardforthemodellingofgateleakagecurrents.

ThedraindiffusioncurrentIDS werecalculatedasafunctionoftheapplieddrainbias

VDSforvariousgatebiasVGSandfordifferentsetsofparameters,NA,toxandTinorder

tostudythetrendsonresultingsimulatedelectricalproperties.First,theIDS vsVDS

characteristicswerecalculatedandthenthetransconductancewasextractedataconstant

Source-DrainbiasofVDS=1V.Thethresholdvoltagewasdeterminedusingthesecond

derivativemethoddescribedby[Ortiz-Conde2002].Themethodconsistsinfindingthe

maximumofthederivativeofthetransconductanced2IDS/dV
2
GS[Ortiz-Conde2002].

Temperatureinfluenceonelectricalproperties

Fig.3.18.a)showstheIDSvs.VGSextractedfromtheIDS vs.VDS characteristiccalcu-

latedattemperaturesrangingfrom300Kto600K.Thetemperaturemainlyinfluences

thecurrentlevelinthetransistor.Infact,whenthetemperatureisincreased,theintrin-

siccarrierconcentrationincreases.

Inordertomaintainequilibriumconditions,i.e.keepingthenp=n2iproductconstant,

theelectronconcentrationincreases,asillustratedinFig.3.19wheretheelectronconcen-

trationisplottedasafunctionofthedepthtotheoxide/diamondinterface. Moreover,

thedecreaseinmobilitywithtemperaturedoesnotcompensatetheincreaseinelectron

concentration,finallyresultinginanincreaseofthecurrent.However,asdemonstrated

byFig.3.18.b),thethresholdvoltageremainsalmostconstantandequalto2.4Vin

oppositiontotheexpectedtemperaturedependencyexpressedbyEq.3.19. Thisisa

consequenceoftheshapeofthetransconductance.Infact,thederivativedIDS/dVGS

(seeFig.3.20.a))suffersfromthepresenceofaplateauof0.3Vwhichpreventfrom

theaccuratedeterminationofthethresholdvoltagetemperaturedependencefromthe

d2IDS/dV
2
GSplotasillustratedinFig.3.20.b).
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Figure3.18:a)TransconductancecharacteristicIDS vs.VGS forVDS =1V,NA
=1015cm−3,tox=20nm,simulatedfortemperaturesrangingfrom300Kto600

K.b)Correspondingthresholdvoltageasafunctionoftemperature.

Figure3.19: Electroncon-
centrationasafunctionof
thedepthtotheoxide/dia-
mondinterfaceextractedat
varioustemperatures. The
simulation was performed
withNA =10

15cm−3,tox
=20nm,VDS =2Vand

VGS=10V.

Gateoxidethicknessinfluenceonelectricalproperties

FromEq.3.19andFig.3.14,thethresholdvoltagecanbeexpectedtofollowalinear

increasewiththegateoxidethickness.ThispropertyisconfirmedinFig.3.21,wherethe

IDSvs.VGScharacteristicandthresholdvoltageareplottedforthedifferentgateoxide

thicknessvalues.
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Figure3.20:a)dIDS/dVGS vs.VGS forVDS =1V,NA=10
15cm−3,tox=20

nm,simulatedfortemperaturesrangingfrom300Kto600K.b)Corresponding
d2IDS/dV

2
GSvs.VGS.Thethresholdvoltageisextractedfromthemaximumvalue

ofthed2IDS/dV
2
GSplot.Thenegativevaluesofthed

2IDS/dV
2
GSplotareomitted.

Figure3.21:a)IDS vs.VGS characteristicforVDS =1V,T=300K,tox=
20nm,simulatedforgateoxidethicknessesrangingfrom20nmto200nm.b)
Correspondingthresholdvoltageasafunctionoftheoxidethickness.Thesimulation
wasperformedforadopinglevelof1015cm−3atatemperatureof300K.

Dopingconcentrationinfluenceonelectricalproperties

Aninterestingfeature,however,isthedopinginfluenceofthep-typelayeronthesim-

ulateddiamondMOSFETelectricalcharacteristics. AsshowninFig.3.22,thechannel
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Figure3.22:a)IDSvs.VGScharacteristicforVDS=1V,T=300K,tox=20nm,
simulatedforp-typedopingconcentrationsrangingfrom1015cm−3to1018cm−3.
b)Correspondingthresholdvoltageasafunctionofthep-typedopingconcentration.
Thesimulationwasperformedforagateoxidethicknessof20nmatatemperature

of300K.

resistanceincreaseswithp-typedopingconcentration(reducedsaturationcurrent).In

fact,thechannelresistancecouldbenegligibleasregardstothedrainandsourceseries

resistance,thusonewouldhaveexpectedthatthemaximumresistanceofthedeviceis

fixedbythesetwolastcontributions.

Inordertoelucidatethispoint,thepotentialdistributioninthe2Dstructureisrequired.

AsexhibitedinFig.3.23,asthep-typedopingconcentrationisincreased,theinversion

layerbecomesthinner.Thus,theelectronswillflowinasmallersectionfromsourceto

drainresultingintheincreaseofthechannelresistance.

ItisevenmoreobviousinFig.3.24,wherebothelectronconcentrationandbanddiagrams

areshownasafunctionofp-typedopinglevel. Movingawayfromtheoxide/diamond

interface,theelectronconcentrationisgreaterinthecaseoflowdopingconcentration

(seeFig.3.24.a)),asaconsequenceofthebandbendingwhichtakesplacedeeperinthe

diamondregionincaseofNA=10
15cm−3thanforNA=10

18cm−3,asdepictedin

Fig.3.24.bandc).
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3.4.3.3 Blockingcharacteristics

Inordertopredictthebreakdowncharacteristicoffuturediamond MOSFET,several

parametersshouldbeconsidered.Firstly,thep-typediamondlayerdopingconcentration
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VDS = 2 V, VGS = 10 V, NA = 10
15 cm-3 

VDS = 2 V, VGS = 10 V, NA = 10
18 cm-3 

Figure3.23:2DsimulateddiamondMOSFETstructureshowingthepotentialdistri-
bution(colorplot)andthecurrentdistribution(currentflowlines)foradopinglevel
ofa)1015cm−3andb)1018cm−3,agateoxidethicknessof20nmandat300K.
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Figure3.24:a)Electronconcentrationasafunctionofthedepthtotheoxide/di-
amondinterfaceforp-typedopinglevelrangingfrom1015cm−3to1018cm−3for
VDS =2V,VGS =10V,tox=20nmandT=300K.b)Correspondingband
diagramoftheMOScontactinthestronginversionregimeforNA=10

15cm−3

andc)NA=10
18cm−3.

willdeterminethemaximumVDS thatthep-n
+ junctioncansustain. Forinstance,

consideringamaximumelectricalbreakdownfieldof10 MV.cm−1fordiamondanda

completelydepletedregionof3µm(forthenon-punch-throughcase),onecouldexpecta

maximumVDSof1500Vforthep-n
+junctionbreakdownvoltage.Secondly,thisdoping

concentrationwillalsoinfluencetheparasitictriggeringoftheparasiticn+-p-n+bipolar

transistorduringthe MOSFETturnOFF[Simonot2011]. Thismechanismoriginates

fromalocalincreaseofthepotentialinthestructurewhichleadstotheparasiticturn

onofthetransistor. Finally,theoxidethicknesswillmainlyinfluencethethreshold

voltageoftheMOSFET.However,itsvaluealsodeterminesthemaximumgatebiasVGS

applicabletothegatecontactbeforeoxidebreakdown.Asanexample,ifAl2O3istobe

consideredasagateoxideforfuturediamondMOSFET,themaximumappliedelectric

fieldcouldbeintherangeof7MV.cm−1[Yota2013].

Theblockingcharacteristicsofthediamond MOSFETstructurewereobtainedbyin-

creasingthedrainvoltagewhilekeepingazerogatebiasforanoxidelayerthickness

of200nm,ap-typedopingconcentrationof1015cm−3andatemperatureof300K,
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Figure3.25:a)IDSvs.VDScharacteristicofthesimulateddiamondMOSFETwith
VGS=0VandT=300K.InthisVDS range,duetotheverylowintrinsiccarrier
concentration,theleakagecurrentsareextremelysmall.b)Electricfieldattheoxide

surfacenearthegatecontact,withVDS =2,10,50and200V.

givingathresholdvoltageof2.7V.Thischoiceismotivatedbythecomparisontothe

commerciallyavailable1200VSiCpowerMOSFET[CREE].Thediamondbreakdown

propertiesweretakenintoaccountviatheimpactionizationmodelstudiedinsection

3.3.2. AsevidencedbyFig.3.25.a),theextremelylowintrinsiccarrierconcentrationin

diamond,inducesanegligiblysmallleakagecurrentatroomtemperature.Thismeans

thatintheory,theDrain-SourcebiasVDS couldbeincreasedtoevenhighervaluesthan

200VforasimpleplanarMOSFETstructure.However,onemustconsidertheelectric

fieldbuildingupbetweenthedrainandgateelectrodes.Infact,asexhibitedbyFig.3.26,

whichrepresentstheelectricfielddistributioninthesimulated2DdiamondMOSFET,

theenhancementoftheelectricfieldoccursattheedgeofthegatecontact. Asimple

cutlineattheoxidelayersurface,wheretheelectricfieldismaximum,revealsthatthe

electricfieldcanbeashighas13MV.cm−1forabiasvoltageofVDS =200V,asshown

inFig.3.25.b).Obviously,thisextractedvalueisfoundgreaterthanthereportedAl2O3

maximumbreakdownfields[Kawakami2005,Yota2013].

Inthepresentcase,theAl2O3breakdowncharacteristicwasnotextracted,themain

reasonbeingthattheimpactionizationmodelsarenotavailableformodelingtheox-

idebreakdownmechanisms,whichisnotthecaseifoneconsiderstheSiO2asagate

oxide. OnepossibilitywouldhavebeentoconsidertheAl2O3asasemiconductorand
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Figure3.26:Electricfielddistributioninthesimulated2DdiamondMOSFETforan
oxidethicknessof200nm,ap-typedopinglevelof1015cm−3andatemperature

of300Kata)VDS =50Vandb)VDS =200V
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toimplementtheeffectivemassesandmobilitiesforbothholesandelectrons.Asthese

informationsarenotcurrentlyavailableintheliterature,toourknowledge,thisapproach

wasnotinvestigated.However,theaccuratemodellingofMOSdevicebreakdownwould

highlyrequiredsuchkindofinformations.

Togetherwiththeundesirableoxidebreakdownisthepunch-throughofthen+-pjunc-

tion.Infact,astheelectricfieldinthedrainsideincreases,thedepletionlayerextends

towardsthesourcespacechargeregion. Whenbothspacechargeregionsmerge,the

leakagecurrentcanthusflowbetweendrainandsource.Thisphenomenonisshownin

Fig.3.27whichdepictsthepotentialaswellastheleakagecurrentsdistributioninthe

2DMOSFETstructure.

Asevidenced,whenVDS isincreasedupto300V,thecurrentflowlinesstarttoleak

fromthedraincontacttothesourcecontact,inducingtheuncontrolledturnonofthe

transistor.Itisanundesiredmechanismsincethemaximumelectricfieldofdiamond

isnotreachedatthisbiasvalues,andthusdoesnotcorrespondtothen+-pjunction

breakdown.

TheparasiticmechanismisevenclearerwhenplottingIDS vs. VDS asexhibitedin

Fig.3.28,showingtheIDSvs.VDS characteristicofthesimulateddiamond MOSFET

withVGS =0VandT=300K. WhenVDS reachesavalueofapproximately290V,

IDS increases,inducingtheturn-onofthetransistor. Thisbehaviorcouldbeavoided

whenconsideringahigherp-typedopingconcentrationoragreaterchannellength.

3.4.4 Summary

Performingdiamond MOSFETsimulationforthefirsttimeallowedtoestimatethe

idealelectricalbehaviorofthissimpleplanarstructureinbothON-stateandOFF-

sate.Theimplementeddiamondmodelsweretakenintoaccountasforthep-njunction

simulationpresentedinsection3.3.Thechannelproperties(NA),temperatureandgate

contactcapacitance(throughtox)influencesontheIDS vs.VGS characteristicswere

investigated.Inparticular,thetemperatureeffectonthethresholdvoltagewasnot

reproduced. Ontheotherhand,theoxidethicknesshadtheexpectedinfluenceonthe

thresholdvoltage.Aparticularfeaturewasevidencedwhenstudyingtheeffectofchannel

p-typedopingconcentrationonthesimulateddiamondMOSFETelectricalproperties:
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Figure3.28: IDS vs. VDS
characteristic ofthesim-
ulated diamond MOSFET
withVGS =0VandT=
300K.WhenVDS reachesa
valuecloseto290V,IDSin-
creases,inducingtheturn-on

ofthetransistor.

theincreasingchannelresistancewithincreasingdopingconcentration.The2Danalysis

offersanewperspectivefordiamonddevicesimulation.Infact,thespecific2Deffect,

suchasthecurrentflowlines,theelectricfieldandpotentialdistributionscanbeaccessed.

Itevidencedthatelectricfieldenhancementtakesplaceneartheedgeofthegatecontact.

However,limitationsduetothelackofimplementedparameterspreventfrommodeling

thegateoxidebreakdown,evidencedbytheunreasonablyhighlevelofelectricfieldin

theoxidelayer(almost10MV.cm−1).Thus,futureeffortmustbeconductedtoproperly

modelthedielectricbreakdown. Asthisdeviceisenvisionedforfuturepowerdevice

integration,theinvestigationofthedynamicbehaviorisalsoofgreatinterest.Finally,

thestudieddiamondMOSFETstructureshowedthattheelectricalbreakdownwasmuch

lowerthantheexpecteddiamondlimit.Thus,newdevicestructuresmustbeexplored

inordertotakeadvantageofthefullpotentialofdiamondfornextgenerationpower

deviceapplications.

TwoexamplesaregiveninFig.3.29,wherethespecificarchitecturesareevidencedto

achieveproperelectricalbehavior. TheV-shapegeometry[Lane1980]proposedin

Fig.3.29.a)hastheadvantageofbeingaverticaldevice,wherethedriftlayerandhence

thebreakdownpropertiesarecontrolledbythelightlyboron-dopeddiamondlayerqual-

ityandthickness. Ontheotherhand,thegeometryproposedinFig.3.29.b)represents

aplanarpower MOSFETwithan−-typedriftregiononthedrainside. Eventhough

severalchallengeshavetobetackledbeforetheactualdevicerealization,thesestructures
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couldbeenvisionedforfuturediamondMOSFETdevelopments.

Metallic contact 

Phosphorous doped  
diamond 

Gate oxide 

Lightly Boron doped 
diamond 

Heavily Boron doped 
diamond 

Protection dielectric 

Gate 

IIb (001) HPHT 
Drain 

Source Source 

a) b) 

n- 

Source 
Gate 

Drain 

IIb (001) HPHT 

Back gate 

Figure3.29:PotentialdiamondMOSFETstructuresenvisionedfornextgeneration
powerdeviceapplications.

3.5 Conclusions

Inthischapter,theelectricalpropertiesoftwodiamonddeviceswerestudied.First,the

simulationoftheelectricalpropertiesofadiamondp-njunctionwasconductedtoverify

theimplementedmodelsandtheeffectofparametersvalueonthesimulatedelectrical

properties. Largediscrepancieswereobservedbetweenthesimulationresultsandthe

experimentaldata. This meansthatotherfactorssuchasohmiccontactresistivity,

carriertunneling,crystallinedefectandpotentiallyspecificgeneration-recombination

modelsfordiamond[Makino2012]stronglycontributestothediamonddeviceelectrical

characteristics.Thesefactorsmustbeinvestigatedforfuturediamonddevicesimulations.

Ontheotherhand,thesimulationofthediamondMOSFET2Dstructure,takingintoac-

countthespecificdiamondproperties,allowedtoinvestigatetheeffectofchanneldoping

concentration,temperatureandoxidethicknessonthesimulatedelectricalproperties.

Inparticular,thesesimulationsdemonstratethatthesimulatedMOSFETisnotappro-

priateintermsofhighpowerdeviceapplications.AsshowninFig.3.30,whichexhibits

thespecificon-resistanceasafunctionofthebreakdownvoltage,thesimulatedstructure

suffersfromseveraldrawbacks. Ononehand,then+-pjunctionpunch-throughoccurs

atabiasvoltageofonly290V,whichis,ontheotherhand,overtheoxidebreakdown

voltageof140V.Intheend,evenwithanelevatedbreakdownvoltageof1500Vforthe

n+-pjunction,thisdiamondMOSFETstructurehasalowerRonS/BVfigureofmerit

thanthecalculatedSilimit[Baliga2012].Asaconsequence,specificarchitectures(see

Fig.3.29)mustbedevelopedtotakeadvantageofthestrongpotentialofdiamondfor

futurepowerelectronicdeviceapplications.
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Figure3.30:Specificon-resistanceasafunctionofthebreakdownvoltage.TheSi
limitiscalculatedthroughBaliga’slawasRonS=8.37×10

−9·BV2.5[Baliga2012].
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4.1 Introduction

Inthischapter,thefabricationstepsleadingtotherealizationofthepseudo-vertical

Al2O3/O-diamondmetal-oxide-semiconductorcapacitors(MOSCAPs)aredescribed.A

firststepofepitaxialgrowthofthep+-typelayerandthep-typelayerisperformed,

startingfromaIbHPHT(001)diamondsubstrate. Then,thedefinitionofthemesa

structureisrealizedwiththeuseofpureoxygenplasmathroughICPetching. The

ohmiccontactarethusdirectlydepositedontopofthep+-typediamondlayer. The

vacuumUVlight/ozonetreatment[Teraji2009]resultsintheoxygenterminationof

thediamondsurfacepriortotheatomiclayerdepositionoftheAl2O3layerat250
◦C.

Finally,thegatecontactisdeposited.Fig.4.1showstheschematiccrosssectionofthe

sampletogetherwithapicture,wheretheohmiccontact,themetal-oxide-semiconductor

(MOS)contactsandthemetal-insulator-metal(MIM)contactsaredepicted.

p+-layer 

Ib HPHT diamond substrate 

p-layer 

3 mm
 

MOS  
contacts 

Ohmic 
contacts 

MIM 
contacts 

Figure4.1:Schematiccrosssection(left)ofthefabricateddiamondMOSCAPand
thecorrespondingactualdevice(right).

TheinterfacialbandconfigurationoftheAl2O3/O-diamondheterostructurewasinves-

tigatedwithX-rayphotoelectronspectroscopy(XPS)performedattheLaboratoiredes

Technologiesdela Microelectronique(LTM)by M.AoukarandC.Vallée. Thisstudy

allowstoestablishtheenergybanddiagramoftheAl2O3/O-diamondstructurethanks

tothemeasurementofthevalencebandoffset[Maréchal2015].

TheelectricalcharacterizationoftheAl2O3/O-diamond MOSCAPusingcapacitance

andconductancemethodsrevealedthepresenceofahighdensityofinterfacestates

resultinginthepinningoftheFermilevelattheinterfacepreventingtheMOSCAPto

reachaccumulation. Nevertheless,depletionanddeepdepletionregimesareachieved.

Ontheotherhand,leakagecurrentswereobservedinthedeviceandinvestigatedin
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termsoftemperaturedependenttrapassistedtunnelingofholesfromthediamondlayer

tothetopgateelectrode.Discrepancybetweentheexperimentaldataandthetheoretical

modelislinkedtothepresenceofholeinjectionfromthep+-typelayer,resultingina

higherholeconcentrationinthep-typelayer,wellabovetheequilibriumconcentration

[Muret2015].

Inordertohighlightthecontextofdiamond MOSCAP,abriefreviewwillbemade

showingthelast25yearsofefforttowardstherealizationofworkingdevices. Then,

thefabricationstepsofthedeviceinvestigatedinthisworkwillbeshown. Theband

diagramobtainedfromXPSanalysiswillbeestablishedandtheresultsfromtheelectrical

characterizationwillbediscussed.Finally,thecharacterizationofadiamondMOSFET

performedduringafourmonthsstayinAIST(Tsukuba,Japan)willbepresented.

4.2 Abriefhistoryofdiamond metal-oxide-semiconductor

capacitors

In1991,Geisetal.[Geis1991]performedthefirstC(V)measurementsofmetal-SiO2-

diamondstructure.ThestructurewascomposedofatypeIInaturaldiamondsubstrate

withborondoping,makingitap-typesemiconductor.Theoxidedepositionwasmade

bychemicalvapordepositionofSiO2withvariousthicknesses. ThemeasuredC(V)

characteristicsrevealedseveralinterestingfeatures,someillustratedinFig.4.2foraSiO2

layerofdox=89.5nmandsummarizedasfollows:

•accumulationanddeepdepletionregimescouldbeclearlyidentified;

•C(V)curvesshowedstrongtemperaturedependenciesnearaccumulationbutal-

mostnoeffectindeepdepletion;

•interfacestatesandoxidemobilechargeswereresponsibleforthehysteresisbehav-

iorofthecapacitance;

•deepdepletioncapacitancewasinfluencedbyilluminatingthesamplewithUV

light,aconsequenceofelectrongenerationinthediamonddepletionlayer.

ThisfirstcontributiondemonstratedthefeasibilityofdiamondMOScapacitors(MOSCAP)

fordevelopingdiamondp-channel’sfieldeffecttransistorsusingthehydrogen-terminated
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(LCR) meter and a Hewlett-Packard 4140B pA meter/dc volt- 
age source were used for the high-frequency and quasi-static 
C-V measurements, respectively. 
By fitting the theoretical curves to the C-V data, the dia- 
monds were determined to have acceptor concentrations vary- 
ing from lOI5 to 5 x loi6 ~m-~. The activation energy of the 
acceptors was 0.35 eV [2], resulting in a highly resistive semi- 
conductor (lo3 s2 * cm), since at room temperature only 0.2% 
of these acceptors contribute holes to the valence band. How- 
ever, at 300°C about 10% of the acceptors are ionized, and the 
resistance can be < 10 fl - cm. The structures were character- 
ized by a quality factor Q, expressed as Q = (RCw)-', where 
R is the equivalent series resistance and w is the signal fre- 
quency (in rad . s-'). When Q < 1, reliable capacitance mea- 
surements were difficult to obtain. In order to avoid unaccept- 
ably low Q, whenever possible we used low frequencies (10- 
20 kHz), heated substrates to ionize the acceptors, small-area 

cm2) metal contacts, and large-area (2 X lop2 cm') ohmic 
contacts. When Q < 1, the C measurements were considered 
to have excessive experimental uncertainty and were not used 
for analysis. 

111. RESULTS AND DISCUSSION 

A. (1 00)-Oriented Substrate 

Typical C-V data for (100)-oriented substrates were com- 
pared with theoretical curves (Fig. 1) obtained from Sze [4, ch. 
7, eqs. (20), (25). and (49)]. Curve A was calculated assuming 
deep-depletion conditins for positive bias, i.e., no minority- 
carrier conduction-band electrons are present in the semicon- 
ductor (npo = 0), so holes are the only mobile charge carriers. 
Curve A was fitted to the data by adjusting the acceptor number 
density NA, the SiO, thickness d, and the flat-band voltage VFB. 
The same conditions were used to determine curve B, but with 
the assumption that conduction-band electrons were formed in 
the depletion region and were localized at the SO,-diamond 
interface. For this case, the nyo at zero potential was estimated 
from Sze [4, ch. 1, eqs. (19) and (35)] to be 4 X ~m-~. 
These calculations require knowledge of the bandgap energy 
(5.5 eV), the temperature (25OoC), and the effective density of 
states in the conduction and valence bands. The effective den- 
sity of states in the valence bands NV was calculated assuming 
three bands with 0.70, 1.06, and 2.18 equivalent electron 
masses 151. The effective density of states in the conduction 
bands N, was assumed to be equal to NV = 3 X 10,' ~m-~. 
(For the case of metal-SO,-Si structures, either curve A or B 
could be obtained depending on the minority-carrier generation 
rate in the Si and on the experimental conditions [6], (71 .) 
The excellent agreement between the data and curve A indi- 

cates that conduction-band electrons do not affect the C-Vmea- 
surements, because the rate at which they are generated by mid- 
bandgap, bulk traps are too low for sufficient electrons to ac- 
cumulate at the SO,-diamond interface. If one assumes that 
these diamond substrates have minority-carrier lifetimes on the 
order of 500 ps 181 at 400"C, and that the structure is biased to 
form a depletion depth of 1 pm, well over 100 years would be 
required to generate sufficient electrons to cause a measurable 
change in capacitance; this can be determined from Sze [4, ch. 
2, eq. (47)]. Quasi-static C-Vmeasurements, shown in Fig. 2, 
are qualitatively simi1a.r to the data in Fig. 1, with no indication 
of minority carriers. However, electronic noise, leakage current 
through the metal-Si0,-diamond structures, and other difficul- 
ties make quantitative comparison with the high-frequency 
C-V measurements difficult. 
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Fig. 1. Theoretical and experimental C-Vdata for (100)-oriented substrate 
plotted as (a) C versus bias voltage and (b) C-' versus bias voltage. The 
substrate was held at 250°C. Capacitance was determined with a 10-kHz 
signal. Calculated data (curves A and B) were fitted to experimental data 
(points) by assuming N, = 1.2 x loL6 ~m-~, d = 89.5 nm, and VFB = 
3.12 V. For curve B, npo = 4 X lo-,' cm-?. Note that the curves coincide 
for bias voltages < 0 V. The inset in (a) shows energy levels of a metal- 
Si0,-diamond structure biased into depletion. The inset in (b) is a sche- 
matic drawing of a metal-SiO'-diamond structure with a 100 X 150-pn 
electrode. 

Electrons can be generated in diamond with ultraviolet light 
at wavelengths 300 nm [9]. Fig. 3 shows the effect of this light 
on (lOO)-oriented substrates. Illumination of the metal-Si0,- 
diamond structure in depletion leads to accumulation of elec- 
trons at the SO,-diamond interface, which pin the potential at 
the interface near flat-band conditions, resulting in a capaci- 
tance that is independent of bias voltage. The electrons may be 
free to move at the interface or may be captured by acceptor 
traps either on the interface or within the Si02 layer. As the 
bias voltage increases, however, the electron loss from the in- 
terface into the Si02 also increases. When this loss exceeds the 
electron generation rate, the potential at the interface becomes 
more positive, causing the depletion layer to increase and the 
capacitance to decrease. For a barrier height of 1.4 eV from 
diamond to Si02 minimum conduction-band energies and a SiOz 
film thickness of 100 nm, the electron loss by Fowler- 
Nordheim tunneling into the SiO, increases substantially for bias 
voltages >40 V, as estimated from van der Ziel [lo, eq. 
(7.33)]. As shown in Fig. 3, this is the approximate voltage at 
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(LCR) meter and a Hewlett-Packard 4140B pA meter/dc volt- 
age source were used for the high-frequency and quasi-static 
C-V measurements, respectively. 
By fitting the theoretical curves to the C-V data, the dia- 
monds were determined to have acceptor concentrations vary- 
ing from lOI5 to 5 x loi6 ~m-~. The activation energy of the 
acceptors was 0.35 eV [2], resulting in a highly resistive semi- 
conductor (lo3 s2 * cm), since at room temperature only 0.2% 
of these acceptors contribute holes to the valence band. How- 
ever, at 300°C about 10% of the acceptors are ionized, and the 
resistance can be < 10 fl - cm. The structures were character- 
ized by a quality factor Q, expressed as Q = (RCw)-', where 
R is the equivalent series resistance and w is the signal fre- 
quency (in rad . s-'). When Q < 1, reliable capacitance mea- 
surements were difficult to obtain. In order to avoid unaccept- 
ably low Q, whenever possible we used low frequencies (10- 
20 kHz), heated substrates to ionize the acceptors, small-area 

cm2) metal contacts, and large-area (2 X lop2 cm') ohmic 
contacts. When Q < 1, the C measurements were considered 
to have excessive experimental uncertainty and were not used 
for analysis. 

111. RESULTS AND DISCUSSION 

A. (1 00)-Oriented Substrate 

Typical C-V data for (100)-oriented substrates were com- 
pared with theoretical curves (Fig. 1) obtained from Sze [4, ch. 
7, eqs. (20), (25). and (49)]. Curve A was calculated assuming 
deep-depletion conditins for positive bias, i.e., no minority- 
carrier conduction-band electrons are present in the semicon- 
ductor (npo = 0), so holes are the only mobile charge carriers. 
Curve A was fitted to the data by adjusting the acceptor number 
density NA, the SiO, thickness d, and the flat-band voltage VFB. 
The same conditions were used to determine curve B, but with 
the assumption that conduction-band electrons were formed in 
the depletion region and were localized at the SO,-diamond 
interface. For this case, the nyo at zero potential was estimated 
from Sze [4, ch. 1, eqs. (19) and (35)] to be 4 X ~m-~. 
These calculations require knowledge of the bandgap energy 
(5.5 eV), the temperature (25OoC), and the effective density of 
states in the conduction and valence bands. The effective den- 
sity of states in the valence bands NV was calculated assuming 
three bands with 0.70, 1.06, and 2.18 equivalent electron 
masses 151. The effective density of states in the conduction 
bands N, was assumed to be equal to NV = 3 X 10,' ~m-~. 
(For the case of metal-SO,-Si structures, either curve A or B 
could be obtained depending on the minority-carrier generation 
rate in the Si and on the experimental conditions [6], (71 .) 
The excellent agreement between the data and curve A indi- 

cates that conduction-band electrons do not affect the C-Vmea- 
surements, because the rate at which they are generated by mid- 
bandgap, bulk traps are too low for sufficient electrons to ac- 
cumulate at the SO,-diamond interface. If one assumes that 
these diamond substrates have minority-carrier lifetimes on the 
order of 500 ps 181 at 400"C, and that the structure is biased to 
form a depletion depth of 1 pm, well over 100 years would be 
required to generate sufficient electrons to cause a measurable 
change in capacitance; this can be determined from Sze [4, ch. 
2, eq. (47)]. Quasi-static C-Vmeasurements, shown in Fig. 2, 
are qualitatively simi1a.r to the data in Fig. 1, with no indication 
of minority carriers. However, electronic noise, leakage current 
through the metal-Si0,-diamond structures, and other difficul- 
ties make quantitative comparison with the high-frequency 
C-V measurements difficult. 
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Fig. 1. Theoretical and experimental C-Vdata for (100)-oriented substrate 
plotted as (a) C versus bias voltage and (b) C-' versus bias voltage. The 
substrate was held at 250°C. Capacitance was determined with a 10-kHz 
signal. Calculated data (curves A and B) were fitted to experimental data 
(points) by assuming N, = 1.2 x loL6 ~m-~, d = 89.5 nm, and VFB = 
3.12 V. For curve B, npo = 4 X lo-,' cm-?. Note that the curves coincide 
for bias voltages < 0 V. The inset in (a) shows energy levels of a metal- 
Si0,-diamond structure biased into depletion. The inset in (b) is a sche- 
matic drawing of a metal-SiO'-diamond structure with a 100 X 150-pn 
electrode. 

Electrons can be generated in diamond with ultraviolet light 
at wavelengths 300 nm [9]. Fig. 3 shows the effect of this light 
on (lOO)-oriented substrates. Illumination of the metal-Si0,- 
diamond structure in depletion leads to accumulation of elec- 
trons at the SO,-diamond interface, which pin the potential at 
the interface near flat-band conditions, resulting in a capaci- 
tance that is independent of bias voltage. The electrons may be 
free to move at the interface or may be captured by acceptor 
traps either on the interface or within the Si02 layer. As the 
bias voltage increases, however, the electron loss from the in- 
terface into the Si02 also increases. When this loss exceeds the 
electron generation rate, the potential at the interface becomes 
more positive, causing the depletion layer to increase and the 
capacitance to decrease. For a barrier height of 1.4 eV from 
diamond to Si02 minimum conduction-band energies and a SiOz 
film thickness of 100 nm, the electron loss by Fowler- 
Nordheim tunneling into the SiO, increases substantially for bias 
voltages >40 V, as estimated from van der Ziel [lo, eq. 
(7.33)]. As shown in Fig. 3, this is the approximate voltage at 

Figure4.2:a)Capacitancevs.biasvoltageandb)1/C2vs.biasvoltageforthe
(001)substratetakenfrom[Geis1991].Themeasurementtemperaturewas250◦C
andtheacsignalfrequency10kHz.Theinsetofa)showstheenergybanddiagram
ofthestructurebiasedintodepletionandtheoneinb)isaschematicofthediamond

MOSCAP.

diamond(H-diamond)surfaceconductivelayerproperties.Infact,theaccumulationca-

pacitancewasonly∼20%lowerthantheexpectedvalue,thusleadingtoaSiO2dielectric

constantof3.3insteadofthe3.9expected.Thelowleakagecurrentsvalueofabout60

µA.cm−2at-40Vwasstillreasonabletoconsiderthisdeviceforpracticalapplications.

However,thefabricateddevicessufferedfromseveralimperfections. First,theboron

dopingcouldnotbecontrolledsinceitwasmadefromtypeIInaturaldiamond.Further-

more,thebiasvoltagewindowrequiredtoachievethesurfacepotentialmodulationfrom

accumulationtodeepdepletionwasmorethan100V.Finally,theSiO2layersuffered

fromadhesionissuesduringthedepositionprocess.

Thispioneeredworkwasfollowedbynumerousdevelopments,suchasthefabrication

ofdiamond MOSCAPsusingCVDdiamondwithcontrolledborondopingleveland

high-κoxidestoachievefieldeffectmodulationofthemajoritycarrierinthediamond

layeră[Ariki1994,Otsuka1995].Arikietal.wereabletodemonstrateefficientfieldef-

fectcontrolwithonlyfewvoltsofappliedgatebiasvoltage[Ariki1994].However,the

capacitancecouldnotbesetintoaccumulationregimeandtheywerenotabletoattain

theflatbandcondition.Then,Otsukaetal.[Otsuka1995]evidencedtheFermilevelpin-

ningattheBaTiO3/diamondinterface.ComparingtheobtainedresultswiththeC(V)

characteristicofanunpinnedCaF2/diamondinterface,theyconcludedthattheadsorp-

tionofoxygenatomsonthesurfacewasresponsibleforalargeamountofinterfacestates

resultingintheFermilevelpinning.Theseresultsledtothestudyoffluoridesasgate
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insulator[Tanaka1998].Lateron,H-diamondconductivesurfacedeviceswereprepared

usingSiOxasgateoxidedepositedonnon-intentionallydopeddiamondandMOSFET

operationwasevidenced[Hokazono1999].Effortsindevelopinghighqualityoxidedepo-

sitiononH-diamond,inparticularthedevelopmentofatomiclayerdeposition(ALD)1,

ledtotheemergenceofhighqualityH-diamond MOSFETusingvariousoxides,such

asAl2O3[Liu2013b,Daicho2014],HfO2[Liu2013a]oracombinationofALD-oxide

togetherwithahigh-κmaterialforincreasingthefieldeffect[Liu2014c,Liu2014b].

Thus,thisdevicestakeadvantageofthepresenceofthehydrogenlayeratthediamond

surface.Specifically,theholedensityinthislayeriscontrolledbyapplyingandelectric

fieldonatopelectrode.Thecurrentflowisthenmodulatedbetweenasourcecontact

andadraincontact.ThiskindofdeviceisreferredtoasaccumulationMOSFET,since

thecurrentflowsthankstotheaccumulatedholesattheH-terminateddiamondsurface.

AnalternativetotheH-diamond MOSFETistheinversion MOSFET,whichisbased

onthecontrolofthediamondbandbendingfromaccumulationtoinversion,enabling

thecurrenttoflowbetweentworeservoirs.Inthiscase,theremustbeasufficiently

highbarrierforbothelectronsandholestopreventleakagecurrentsinthegatecon-

tact.Thiscanbeachievedbyusingoxygen-terminateddiamond(O-diamond)withan

appropriategateoxide.However,onlyfewcontributionsonO-diamondMOSCAPsare

reported. Thisisattributedtothehighionizationenergyofboron(0.38eV),which

requiresveryhighcrystallinequalityandborondopingcontrol. Onlyrecently,Cheng

etal.[Cheng2012]usedhigh-κTa2O5asgateinsulatoronO-diamond. TheC(V)

characteristicsexhibitedmajoritycarriermodulationfromaccumulationtodepletion.

However,thedeepdepletionorinversionregimewasnotachievedandmoreimportantly

thegateoxideforbiddenbandgapwastosmalltoprovideabarrierforbothelectrons

andholes.Inourapproach,weusedALDofAl2O3tostabilizetheO-diamondsurface

[Chicot2013b]. Thus,theAl/Al2O3/O-diamond MOSCAPdepletionanddeepdeple-

tionregimescouldbecontrolledwithinfewvoltsofappliedgatevoltage.However,the

devicesufferedfromleakagecurrentsintheentirebiasvoltagerangeandthemeasured

accumulationcapacitanceathighfrequency(f=1MHz)was10timessmallerthanthe

expectedvalue,adiscrepancywhichcannotbeattributedtoasmalleroxidedielectric

constantεoxsinceitwouldleadtoanunreasonablysmallvalue.Inthiswork,efforts

havebeenmadetoinvestigateanimprovedversionofthepreviousAl2O3/O-diamond

design,whichfabricationstepsaredescribedinthefollowingsection.

1firstdemonstrationofALDAl2O3ondiamondwasreportedbyKawakamietal.[Kawakami2005].
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4.3 Fabricationofdiamond MOScapacitors

4.3.1 Diamondhomoepitaxialgrowthby MPCVD

Thissectiondescribesthegrowthtechniqueusedinthisworktofabricatebothheavily

p+ andslightlypborondopeddiamondlayers. Theseepi-layersweredepositedonIb

HPHT(001)diamondsubstrateprovidedbySumitomocompany. Thesubstratewas

polishedbySyntekcompanywhichprovidesnearlyatomicallyflatdiamondsurfaces.No

particularattentionwaspaidonthesurfacemis-orientationangle.Priortothegrowth,

astandardprocessforcleaningthesubstrateisperformed.Itconsistsinafirststep

ofsolventcleaning(acetoneandethanol)combinedwithultra-soundstoremovethe

surfacecontamination. Then,ahotacidtreatmentisperformed,usingamixtureof

HClO4:HNO3:H2SO4(1:4:3)atatemperatureof250
◦Cduring30minutes.

4.3.1.1 Home-madeNIRIMtypereactor

Inthiswork,ahome-made MicrowavePlasma-enhancedChemicalVaporDeposition

(MPCVD)NIRIMtypereactorwasusedtogrowbothp+ andptypelayers. Fig.4.3

showsthe MPCVDreactor[Fiori2012]. Thisisa modifiedversionoftheJapanese

reactorusedinNIRIM(NationalInstituteforResearchinInorganicMaterials,atpresent

timenamedNIMS)developedbyKamoetal.[Kamo1983].Itisbasedongenerating

aplasmaglowdischargeballattheintersectionbetweentheinnersilicatubeandthe

microwaveguide.Themicrowaveguide(generatoroperatingat2.45GHz)canbetuned

byadjustingtheimpedanceinordertominimizingthereflectedpowerandmaximizing

theenergyatthecrossingpoint.Thegrowthchamberismadeoutofanouterandan

innersilicatube,whichcanbechangeddependingontheborondopingleveltargeted.

Inthisway,threeexchangeablessilicatubesareusedinordertominimizetheboron

contaminationwhenlowborondopingistargeted.Thegasesareinjectedfromthetop

ofthechamberandtheplasmaglowdischargeballislocatedatthepointwerethe

microwavepowerismaximum. Thediamondsampleislocatedonanon-intentionally

dopedpolycrystallinediamondcoatedsiliconsampleholderitselfmountedontopof

theinnersilicatube. Thesamplecanbepositionedwithrespecttotheplasmaglow

dischargeballinordertocontrolthelayerproperties(dopingconcentrationandsurface
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homogeneity)andthesampletemperature,whichismainlycontrolledbythemicro-wave

power.Thetemperatureofthediamondsampleisestimatedbyasinglecolorpyrometer

(980nm),whichemissivityissetto0.4,takingintoaccountthecontributionofthe

siliconsampleholder.

2.45%GHz%

Pyrometer%

Impedance%
adjustment%

Piston% Isolator%

Microwave%
generator%

External%
quartz%
tube%

Internal%
quartz%
tube%

Plasma%

%gas%injecCon%

Vacuum%chamber% (a)%

Figure4.3:a)Schematicviewofthehome-madeNIRIMtypeMPCVDreactor.b)
Pictureofthegrowthchamber[Fiori2012].

ThenextsectionwilldescribethefirststepofthediamondMOSCAPfabrication,namely

thep+-typelayergrowth,whichrolebeingtominimizetheseriesresistanceofthedevice.

4.3.1.2 Heavilyborondopedlayer

ThegrowthconditionsfollowthegrowthprocedureestablishedbyA.Fiori[Fiori2012]

togethighboronconcentrationandthustoobtainhighlyconductivediamondlayers.

Accordingtotheestablishedprocedure,thep+-typelayersweregrownusingagasmix-

tureofmethane([CH4]/[H2]=4%),diborane([B]/[C]=1200ppm)andhydrogenat

apressureof33Torrandatemperatureof830◦Cfor15mingrowthduration. These

growthconditionswereoptimizedtominimizethedefectsgenerationandpropagation

intheheavilyborondopeddiamondlayer. Moreover,theboronconcentrationensuresa

metallictransitionofthediamondlayersincetheboronincorporationisabove5×1020

cm−3[Klein2007]ascanbeseeninFig.4.4.

Theepi-layerthicknesswasmeasuredbySpectroscopicEllipsometry. Thismethodis

basedonmeasuringthechangeinpolarizationofanelectromagneticwavereflectedon

asamplesurface[Fujiwara2009].Thedifferenceinopticalrefractiveindexbetweenthe

IbHPHTdiamondsubstrateandtheheavilyborondopedlayerallowsthemeasurement

oftheepi-layerthickness,whichisevaluatedas470nm.
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estimated from the energy shift of the BE peak shown on figure 5-7

additional data obtained for different gas mixtures. Thus the boron incor

with the methane concentration in the 0.25% - 4% (CH4/H2) range. 

    
Figure 5-8 : Incorporated boron vs. (B/C) in the gas mixture at different C/H ratios. Dots are data from SIMS 

and stars are data estimated from CL energies. 

With 0.25% (CH/H) in the gas mixture, the concentration of incorpora

saturate at high (B/C) ratios. This was first evidenced from CL 5K me

ΔRMS ≈ 0 nmょ. As reported by other authors 

low methane concentration. )n this study, the misorientation angle ゅθ

(] ≈ [C(

Figure 4.4: Boronincor-
porationasafunctionof
the[B]/[C]ratiointhe
gas mixture for various
[CH4]/[H2] ratios, taken

from[Fiori2012]

OpticalprofilometryusingaVeeco3DopticalprofilerContourGT2wasperformedto

characterizethesurfacemorphologyofthep+-layer. Atypicalsurfacemorphologyof

theheavilyborondopeddiamondlayerisshowninFig.4.5. Thesurfaceroughnessis

quantifiedbythemeasurementofthemeanroughnessSaandtheRoot MeanSquare

(RMS)Sq.Thetypicalvaluesforthehighqualityheavilyborondopeddiamondlayers

are0.22nmand0.27nm,respectively(typicallymeasuredona127×95µm2area,see

Fig.4.5).

Top view 3D view 

Figure4.5:Typicalsurfacemorphologyoftheheavilyborondopeddiamondlayer
withmeanroughnessSa=0.22nmandRootMeanSquare(RMS)Sq=0.27nm.

4.3.1.3 Lightlyborondopedlayer

Previoustothelightlyborondopedlayer(denotedasp-typelayer),theouterandinner

silicatubesarechangedinordertoavoidatoohighcontributionofthememoryeffectdue

totheadsorptionofboronspeciesinthegrowthchamberduringthep+-typelayergrowth.

2verticalresolutionbelow0.1nm
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Moreover,acleaningprocedureusingapureoxygenplasmatreatmentisperformedto

reducethecontamination. Thegrowthconditionsareamodifiedversionoftheone

developedbyG.Chicot[Chicot2013a]. Moreprecisely,anoxygencontentof0.25%was

addedtothegasmixtureinordertoimprovethecrystallinequalityofthep-typelayer

[Omnès2011].Thecounterpartisthatoxygendecreasestheboronincorporationinthe

layerbytwoordersofmagnitude. Thusacalibrationwasperformed. Thecalibration

samplewasprocessedwithaperiodicgrowthofnon-intentionallydoped(NiD)anddoped

diamondlayerswithaconstant[O2]/[H2]ratioof0.25%atapressureof50Torr.The

growthsequenceisasfollows:first,ahydrogenplasmaisperformedinordertobringthe

sampletothedesiredtemperature.Then,theNiDlayerwasgrownduring20minutes

followedbyacleaningof3minutesunderplasmawith2000sccmhydrogenflow. The

finalstepconsistsingrowingtheborondopeddiamondlayerduring20minutes. The

growthconditionsaresummarizedinTab.4.1.

Step Plasmatype Flow [CH4]/[H2] [O2]/[H2] [B]/[C] Duration
(sccm) (%) (%) (ppm) (min)

1 H2 200 60
2 NiD 200 1 0.5 20
3 H2 2000 3
4 p 200 1 0.25 200 20
5 H2 2000 3
6 NiD 200 1 0.5 20
7 H2 2000 3
8 p 200 1 0.25 600 20
9 H2 2000 3
10 NiD 200 1 0.5 20
11 H2 2000 3
12 p 200 1 0.25 900 20
13 H2 2000 3
14 NiD 200 1 0.5 20

Table4.1: Growthsequenceswithplasmatype,gasflow,gascompositionand
durationofeachstepusedtocalibratetheborondopeddiamondlayerusingoxygen

inthegasphase.

Theboronconcentrationsinthedifferentlayerswereanalyzedbysecondaryionmass

spectroscopy(SIMS).Thisdestructivecharacterizationmethodisbasedonthesputtering

ofthesamplesurfaceatomsbyaprimaryionbeam.Bycollectingthesputteredsecondary

ionswithamassspectrometerandafteracalibrationwithaboron-implanteddiamond
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sample,theconcentrationasafunctionofdepthisreconstructed.Thistechniqueallows

todetectvariouselementswithconcentrationsaslowas1015cm−3−1016cm−3in

diamond.Inthepresentcase,themeasurementswereperformedbyF.Jomardfrom

GEMAC(Grouped’Etudedela MatiéreCondensée,Versailles,France). Theincident

ionsusedwereO+2withanenergyof5keVandanincidentangleof47
◦.Theobtained

SIMSprofilisshowninFig.4.6.

Figure4.6:SecondaryIonMassSpectroscopyprofileofthesamplepreparedforthe
dopingconcentrationcalibration.

FromtheSIMSprofiletheboronconcentrationandthegrowthrateofthelayerswere

extracted.Tab.4.2summarizestheboronconcentrationsandgrowthratesofthelayers.

Layer [B]/[C] Boronconcentration Growthrate
(ppm) (cm−3) (nm.min−1)

NiD <1017 16.5
p 200 ≈2×1017 16
p 600 ≈4×1017 16
p 900 ≈6×1017 16

Table4.2: BoronconcentrationandgrowthrateoftheNiDanddopeddiamond
layersextractedfromtheSIMSprofile.

Inthefollowing,thesampleswerefabricatedusingagasmixtureofmethane([CH4]/[H2]

=1%),diborane([B]/[C]=600ppm),oxygen([O2]/[H2]=0.25%)andhydrogenat
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apressureof33Torrandatemperatureof910◦Cfor45mingrowthduration. The

pressurewasloweredfrom50Torrto33Torrinordertoincreasetheplasmaglow

dischargeballsize. Thus,theplasmainteractionsurfacewiththediamondsampleis

greaterleadingtoamorehomogeneousepitaxiallayer.Themeasuredthicknessestimated

usingSpectroscopicEllipsometrywas590nm. Atypicalsurfacemorphologyisshown

inFig.4.7.ThemeasuredSaandSqparametersare0.46nmand0.82nm,respectively,

measuredonthe127×95µm2area(itwastypically0.22and0.27nmbeforep-type

growth).

b0724Ap 
 

3D view Top view 

Figure4.7:Typicalsurfacemorphologyofthep-typeborondopedlayerwithSa=
0.46nmandSq=0.82nmonthe127×95µm2area.

4.3.1.4 Summary

TwosuccessiveCVDdiamondgrowthstepswereperformedtoproducea470nmthickp+-

typediamondlayerontopofwhicha590nmthickp-typediamondlayerwasdeposited.

Thep+-typediamondlayerwasperformedusingagasmixtureofmethane([CH4]/[H2]

=4%),diborane([B]/[C]=1200ppm)andhydrogenatapressureof33Torranda

temperatureof830◦Cfor15mingrowthduration.Thesurfacemorphologyinvestigated

byopticalprofilometryrevealedahighqualityepitaxiallayerwithmeanroughnessof0.22

nmandRootMeanSquareof0.27nm.Thep-typediamondlayerwasperformedusing

agasmixtureofmethane([CH4]/[H2]=1%),diborane([B]/[C]=600ppm),oxygen

([O2]/[H2]=0.25%)andhydrogenatapressureof33Torrandatemperatureof910
◦C

for45mingrowthduration.Thesegrowthconditionsleadtoahighdiamondepitaxial

layerquality,asdemonstratedbythesurfacemeanroughnessandRootMeanSquare,

measuredbyopticalprofilometryas0.46nmand0.82nmrespectively.Inthenext

section,thetechnologicalstepsforproducingthediamondMOSCAPwillbedescribed.
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4.3.2 Pseudoverticaldiamond MOScapacitorfabrication

4.3.2.1 Ohmiccontactsfabrication

Thedepositionofametalonap-typesemiconductorgenerallyleadstotheformationofa

downwardbendingofthediamondbandsatthemetal/semiconductorinterface.Thisre-

sultsintheformationofadepletionlayerwhichpreventsthechargecarrierstoflowfrom

thesemiconductortothemetalelectrode.Theresultingbuilt-inpotentialiscalledthe

Schottkybarrier. MajoritycarrierscanovercometheSchottkybarrierthroughdifferent

mechanisms,suchasthermionicemission,thermionic-fieldemissionandfieldemission

[Sze2007]. Ontheopposite,ohmiccontactsarecharacterizedbyalowSchottkybar-

rierheightoradepletionregionsothinthatcarrierscanquantum-mechanicallytunnel

throughthelayer,resultinginlowcontactresistivity. Theformationofohmiccon-

tactsondiamondgenerallyinvolvesthedepositionofacarbide-formingmetaltogether

withtheannealingofthedepositedmetalattemperaturesintherangeof400◦Cto

1000◦C[Viljoen1994,Nakanishi1994].Theformationofadamagedcarbideinterfacial

layerlowersthemetal/diamondSchottkybarrierheightorenhancestunnelingorboth

[Werner2003].Thechoiceofmaterialforohmiccontactisdrivenbyrequirements,such

aslowcontactresistivity,goodadhesion,highthermalstability,highcorrosionresistance

andbondabletop-layer[Werner2003].AsthedepletionlayervariesasWD∝N
−1/2
A ,the

lowcontactresistivitycanbeachievedbytheuseofheavilydopeddiamondlayer.The

goodadhesionrequirementisfulfilledbyusingtitanium(Ti),whichformsaTiCinter-

faciallayerwithdiamond[Viljoen1994].ThestrongaffinityofTiwithoxygenrequires

theuseofapassivationlayersuchasGold(Au).However,thethermalstabilityisnot

achievedsinceTidiffusesalongtheAugrainboundaries[Viljoen1994].Thus,platinum

(Pt)isusedasadiffusionbarriertopreventfromthermaldeterioration.

TheohmiccontactswereperformedbydepositingaTi/Pt/Aumetallicstackonthe

heavilyborondopeddiamondlayer.Thedifferentstepsoftheohmiccontactsfabrication

aresummarizedinFig.4.8.

Afirststepoflaserlithography(usingaHeidelbergDWL66FSinstrument)isperformed

definingtheetchingmaskarea.Then,a150nmthicknickel(Ni)layerisdepositedby

electronbeam(e-beam)evaporationondiamondfollowedbyalift-offprocess.Induc-

tivelyCoupledPlasma(ICP)etchingstepallowstodelineatethemesastructure.Pure
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Figure4.8:Schematicdescribingtheohmiccontactsfabricationprocess.

oxygenplasmaetchingwasperformedwitha1000 Wcoilpower,a40 Wplatenpower,

100sccmgasflowandunder10mTorrpressure3.Afteretching,theNimaskisremoved

byhotacidtreatment,typicallyHCl:HNO3(3:1)at150
◦Cfor1h.Asecondlaserlithog-

raphystepisappliedtodefinetheohmiccontactareafollowedbyaTi/Pt/Aue-beam

depositionandlift-offprocess. Asmallgaphasbeenperformedintheohmiccontact

squareinordertomeasuretheresistance.Theohmiccontactselectricalpropertiesare

satisfiedasshowninFig.4.9,wheretheresistanceismeasuredbetweenthetwoohmic

contactsandisoftheorderof25Ω.

4.3.2.2 MOSgatefabrication

Previoustotheozonetreatmentofthediamondsurface,anacidtreatmentconsistingin

aH2O2:H2SO4(1:3)mixtureisperformedtoremoveanyremainingresistandorganic

contamination.

3theetchingrateofthisrecipeis53nm.min−1.
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Figure4.9: I(V)characteristicof
theohmiccontactdepositedon
heavilyborondopeddiamond.The
contactresistanceisoftheorderof
25Ω.Thevalueisextractedfrom
theslopeoftheI(V)characteristic
measuredbetweenthetwoohmic

contacts.

Oxygenterminationofdiamondsurface(O-diamond)isachievedbyperforminganozone

treatment,atechniquefirstproposedbyTerajietal.[Teraji2008,Teraji2009]. This

methodisbasedonexposingthesampletovacuumdeepultraviolet(VUV)lightin

oxygenatmosphere. Axenonlampcenteredat172nmservesasUVlightsource. By

introducingoxygeninthechamber,ozoneisproducedandoxygensaturatesthedia-

mondsurfacewithhydroxyl(C-O-H),ether(C-O-C)andcarbonyl(C=O)grouptermi-

nations[Boukherroub2005,Hoeb2010].Thistreatmenthasprovenagreatefficiencyin

surfacepassivationandincontrolofthediamondSchottkydiodeelectricalproperties

[Teraji2009,Fiori2014,Traoré2014].Inpractice,thediamondsampleswereintroduced

inachamberundersecondaryvacuum.Then,oxygenwasintroducedunderapressure

of500mbarandexposedtotheUVlightfor90minutesatroomtemperature. Right

aftertheVUVlight/ozonetreatment,thealuminumoxideAl2O3isdepositedbyatomic

layerdepositionusingaSavannah100systemfromCambridgeNanoTech.Thismethod

consistsinasequentialexposureofthesamplesurfacetodifferentprecursors,namely

Trimethylaluminium(TMA),andwaterasanoxidant.Thepulseandexposureduration

were30sand15ms,respectively. Thetemperaturewassetto250◦Candthetypical

basepressurewas1.3×10−1Torr.Atotalnumberof200cycleswereperformedandthe

Al2O3layerthicknesswasmeasuredbySpectroscopicEllipsometrygivingadeposition

rateof0.1nm/cycle,resultingina20nmthicklayer.Then,alaserlithographystepisre-

quiredtodefinethegatecontactsontopoftheoxidelayerfollowedbye-beamdeposition

ofTi/Pt/Augatestackandstandardlift-offprocess. Finally, MOSand MIMcapaci-

torsaredefinedonthesamesample,allowingindependentcharacterizationoftheAl2O3
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dielectriclayer(MIMCAP)andAl2O3/O-diamondMOSCAPsasshowninFig.4.10

a) Ozone treatment b) Al2O3 atomic layer deposition  

c) Laser lithography  
process 

d) Ti, Pt, Au deposition  
and lift-off 
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Figure4.10:SchematicdescribingtheMOScontactfabricationsteps.

4.3.3 Summary

Thepseudo-verticaldiamondMOSCAPswerefabricatedusingstandarddepositionand

liftofftechniques. Afirststepconsistingindefiningthemesastructureonthesample

wasperformedfollowedbythedepositionandannealingoftheohmiccontacts.Oxygen

terminationofthediamondsurfacewasachievedusingaVUVlight/ozonetreatmentwith

oxygenpressureof500mbarduring90minatroomtemperature. The20nmAl2O3

gatedielectricwasdepositedontheO-diamondsurfaceusingatomiclayerdeposition

(ALD),andthedefinitionofthegatecontactfollowedtoproducethefinalpseudo-vertical

diamond MOSCAP.Inthenextsection,resultsonX-rayphotoelectronspectroscopy

(XPS)measurementswillbepresented.Thisstudyallowedtodeterminetheinterfacial

energybanddiagramconfigurationoftheAl2O3/O-diamondstructure.
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4.4 BandalignmentinvestigationofAl2O3/O-terminateddi-

amondheterostructure

4.4.1 Xrayphotoelectronspectroscopyanalysis

Xrayphotoelectronspectroscopy(XPS)isanon-destructivecharacterizationtechnique

basedonirradiatingasamplewithmonochromaticX-raysandanalyzingtheenergyof

theemittedelectrons[Moulder1992].Thetypicalphotonspenetrationlengthisofthe

orderof1-10µmandtheelectronmeanfreepathisoftheorderof2-8nm.Thus,surface

atomsinteractwiththebeamandelectronsareejectedbythephotoelectriceffect.The

kineticenergyEK oftheemittedelectronsisgivenby:

EK=hν−EB−φs (4.1)

withhνtheenergyoftheincidentphoton,EB theelectronbindingenergyandφsthe

spectrometerworkfunction. MeasuringtheelectronkineticenergyEK,knowinghν

andφsthebindingenergyEBisdeterminedallowingtheidentificationofthechemical

environmentofthesurfaceatoms.

TheXPSanalysiswascarriedoutbyM.AoukarandC.ValléefromtheLaboratoiredes

TechnologiesdelaMicroelectronique(LTM)inGrenobleusingaThermoScientificTheta

300spectrometer.ThreesampleswerepreparedasillustratedinFig.4.11.First,a2nm

thinALD-Al2O3layerdepositedat250
◦ConIbHPHTO-diamondwasprepared(see

section4.3.2.2fordetails).ThislayerallowedtheXPSsignalcomingoutfromthesurface

ofthesample,thusidentifyingthebindingenergybetweentheO-diamondsurfaceand

theAl2O3layer.Asecondsamplewitha20nmthickAl2O3layerdepositedinthesame

conditionasthefirstonewaspreparedasacalibrationforthebulkAlatoms.Finally,

anoxygenterminateddiamondsamplewasprepared.Thissampleallowstodetermine

thebindingenergyoftheCatoms.

TheexperimentswerecarriedoutusingahighresolutionmonochromaticAlKα(hν=

1486.68eV)X-raysource.Thecorelevelspectrawererecordedusinga0.05eVstepand

a55eVpassenergyasdescribedin[Liu2013b].Thepeakcontributionswereextracted

bycombiningaLorentzianandaGaussianfunction. Thebackgroundwassubtracted
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Figure4.11:SchematiccrosssectionofthesamplespreparedfortheXPSanalysis.

usingShirleyfunction. OnXPSspectra,thezeroenergyisusuallyattheFermilevel.

Nevertheless,chargeeffectandsurfacecontaminationcancompromiseitsposition.The

approachdefendedhere,istousecorelevelonthreesamplesinordertodeterminethe

valencebandoffsetbetweenAl2O3andO-diamond. First,consideringthemeanfree

pathofphotoelectronsinamaterial(∼2nm),a20nmAl2O3layerservestoinferthe

energycorelevel(ECL)forbulkAl2O3.ThesameapproachisusedforO-diamond.At

last,witha2nmthickAl2O3layer,XPSmeasurementissensitivetoO-diamondand

Al2O3. Thissampleallowstodeterminethevalencebandoffset. Onthe2nmthick

Al2O3,C1sspectrumshowsclearlydifferentpeakcontributions. C-Alcontributionis

theonewhichisrepresentativeoftheinterface.Fig.4.12showstheC1sspectrumofthe

2nmthickAl2O3andtheC-Albindingenergyof284.08±0.2eV.Astrongcontribution

attributedtosurfacecontaminationisalsopresentwithanenergyof285.11±0.2eV.

Thispeakwasnotinvestigatedsinceitsenergyisnotrelevantforthedeterminationof

thevalencebanddiscontinuity.

Fig.4.13showsthecarbonatomsbindingenergyforthebulkO-diamondsample.There

arenumberofpeaks,whichcanbeattributedtodifferentcontributions.Forinstance,the

sp3C-Cbindingenergyismeasuredas284.32±0.2eV,ingoodagreementwithmeasure-

mentsperformedonborondopeddiamondsamplesbyGhodbaneetal.[Ghodbane2006]

aswellaswiththevaluesreportedin[Liu2013b].OthercontributionssuchastheCHx,

ether(C-O-C)andcarbonyl(C=O)groupsarealsoidentified.

AsshowninFig.4.14,thebindingenergyofAl-OwasextractedbymeasuringAl2p3/2

spectrumofthe20nmthickAl2O3sample. Thevalueof74.35±0.2eVisingood

agreementwiththereporteddataof[Liu2013b].
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Figure4.12:C1sspectrumofthe2nmthickAl2O3layerdepositedonO-diamond.
TherelevantcomponentistheC-Albindingenergywhichis284.08±0.2eV.

Finally,thevalencebandspectraofboththeO-diamondsampleandthe20nmthick

Al2O3samplearereportedinFig.4.15.Thevalencebandmaximum(VBM)isextracted

byextrapolatingthelinearfittothex-axisandare3.20±0.2eVand2.07±0.2eV

forAl2O3andO-diamondrespectively. Alltheextractedrelevantbindingenergiesare

summarizedinTab.4.5.

O-diamond Al2O3 Al2O3
(2nm) (20nm)

C1s C-C 284.32 284.2
CHx 284.93
C-Al 284.08
C-O-C 285.90
C=O 287.20

Al2p3/2 Al-O 74.32 74.35

O1s 530.60 530.46 530.69
VBM 2.07 3.20

Table4.3:C1s,Al2p3/2andO1sbindingenergies(eV)ofthecorelevelspectra
fortheO-terminateddiamond,the20nmAl2O3and2nmAl2O3samples. The
valencebandmaxima(VBM)wererecordedfortheO-terminateddiamondandthe

20nmthickAl2O3
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Figure4.13:C1sspectrumoftheO-diamondsample. Thedifferentpeaksare
attributedtosp3(C-C),CHx,ether(C-O-C)andcarbonyl(C=O)grouprespectively.

Figure4.14:Al2p3/2spec-
trumofthe20nmthick
Al2O3 sample. Thebind-
ingenergybetweenthealu-
minumatomandtheoxygen
atomismeasuredas74.35eV

±0.2.

4.4.2 Energybanddiagram

WhentheAl2O3isbroughtincontactwiththeO-diamondsample,avalenceband

discontinuityappearsattheinterface,representedby∆Ev,asexhibitedinFig.4.16.

ThevalencebanddiscontinuityattheAl2O3/O-diamondinterfaceiscalculatedusing

thefollowingformula[Kraut1980]:
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Figure4.15:ValencebandspectrafortheO-diamondandtheAl2O3(20nm).The
valencebandmaximaarerespectively2.07±0.2eVand3.20±0.2eV.
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Figure4.16:a)Al2pcorelevelandthevalencebandofthedielectriclayer.b)When
the2nmthinAl2O3isbroughtincontactwiththeO-diamondsurface,thevalence
banddiscontinuity∆EVdevelops.c)C1scoreleveltogetherwiththevalenceband

oftheO-diamond.

∆EV=(ECL−EVBM)O-diamond−(ECL−EVBM)Al2O3−∆ECL (4.2)

where(ECL−EVBM)O-diamondisthedifferenceinbindingenergybetweentheC1score

levelandthevalencebandmaximum(VBM)oftheO-diamond.(ECL−EVBM)Al2O3is

thedifferenceinbindingenergybetweentheAl2p3/2andVBMofthe20nmthickAl2O3

filmand∆ECListhedifferenceinbindingenergybetweentheAl2p3/2andC1score

levelforthe2nmthickAl2O3film.Thecalculatedvalue∆EVisoftencalledthevalence

bandoffset.ItrepresentsthedifferenceinenergybetweenthetopoftheO-diamond



Chapter4.DiamondMOScapacitorsfabricationandcharacterization 120

Egox = 7.4 eV 
Egsc = 5.5 eV 

Al2O3 O-diamond 

EV 

EC 

ΔEv = 1.34 eV 

ΔEc = 0.56 eV 

ΔECL 

Al 2p3/2 

C 1s 

(ECL-EVBM)Al2O3 

Figure4.17: Schematicen-
ergybanddiagramofthe
Al2O3/O-diamondwithTiin
contactwiththeoxidelayer,
deducedfromXPSmeasure-
ment.Thevalencebandoff-
setis1.34± 0.2eVand
theconductionbandoffset
is0.56±0.2eV.Theoxide
bandgapvalueistakenfrom

[Kim2006].

valencebandandthetopoftheAl2O3valenceband. UsingthevaluesofTab.4.5and

Eq.4.2,thevalencebandoffsetbetweentheoxygen-terminatedp-typediamondandthe

Al2O3layeriscalculatedas:

∆EV=(284.32−2.07)O-diamond−(74.35−3.20)Al2O3−(284.08−74.32)∆ECL =1.34±0.2eV

(4.3)

Moreover,takingintoaccountanAl2O3bandgapenergyof7.4eV[Kim2006],the

conductionbandoffsetcanbeevaluatedandfinallytheenergybanddiagramofthe

Al2O3/O-diamondcanbeestablished,asshowninFig.4.17. Alsorepresentedarethe

energydifferencesinthecorelevelenergyECLandvalencebandenergyEVBMforAl2O3

andO-diamondaswellasthecorelevelenergydifference∆ECL.

4.4.3 Summary

TheinterfacialbandconfigurationoftheAl2O3/O-diamondwasinvestigatedusingX-

rayphotoelectronspectroscopy(XPS)measurements.Inparticular,thevalenceband

discontinuitybetweentheAl2O3valencebandandtheO-diamondvalencebandisdeter-

minedtobe∆Ev=1.34±0.2eVandtheconductionbanddiscontinuityiscalculated

as∆Ec=0.56±0.2eV,takingintoaccounttheAl2O3bandgapof7.4eV[Kim2006].
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AsmallerAl2O3bandgapwouldresultinasmallerbarrierforholes.Thus,thedevel-

opmentofhighqualityAl2O3layerisnecessarytoreachhighbandgapvalues,suchas

8.8eV[Robertson2000].Inconclusion,Al2O3/O-diamond MOScouldbesuitablefor

thedevelopmentofnormally-offp-channelMOSFET,sinceconfinementofholesatthe

interfacecouldberealizedthankstothebarrier∆Ev.Thelower∆Ev=1.34±0.2eV

incaseofAl2O3/O-diamondthanincaseofAl2O3/H-diamondinterface(∆Ev=2.9±

0.2eV[Liu2012]),wasexpected,evenifarigidapplicationoftheelectronaffinityχ

differenceleadstoavalueof∆Ev=0.8eV.Attheopposite,n-typechannelwillresult

inatoosmallbarrier(∆Ec=0.56±0.2eV)betweentheconductionbandsofAl2O3

andO-diamond,ifassuminganenergybandgapofEAl2O3g =7.4eV[Kim2006].Thus,

Al2O3willnotbeefficientforconfiningelectronsandn-typechannelMOSFETwillnot

workusingthisinterface.

4.5 Electricalcharacterizationofdiamond MOSCAPs

InthissectiontheelectricalpropertiesoftheAl2O3/O-diamond MOSCAPareinves-

tigated.PartofthisworkwasperformedintheframeworkofChloéRivière Master2

internship.SpecificallythepresenceofahighinterfacestatesdensityinducingtheFermi

levelpinningattheinterfaceAl2O3/O-diamondisevidencedusingTerman’smethodand

theconductancemethod.AtentativetoexplainthediamondMOSCAPleakagecurrents

isperformedusingamodeloftemperaturedependenttrapassistedtunnelingthrough

trapslocatedinthedielectriclayer[Svensson1973].

4.5.1 Al2O3/O-terminateddiamond MOSCAPselectronicproperties

4.5.1.1 Experimentalsetup

Thesampleelectricalcharacterizationwasperformedinahome-madevacuumprobe

stationwithaKeithleyelectrometer6517Bforthecurrent-voltageI(V)measurements

andanAgilentE4980APrecisionLCR Meterformeasuringthecapacitance-voltage

C(V)characteristics.TheI(V)measurementswereperformedundervacuum.Different

delays,i.e. durationbetweentwoacquisitions,wereinvestigated. Nodifferencewas

observedbetweenanI(V)acquiredwhentakingadelayofeither200msor1s. For
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betteraccuracyandtoavoidanychargetrappingeffectadelayof1swasusedforI(V)

measurements.ForC(V)measurements,theacsignalamplitudewastypically50mVand

thefrequencyrangedfrom1kHzto2MHzwithdcbiasrangingfrom-8Vto5V.The

measurementtimewas110msperpointat1kHz[KeysightTechnologies2014](“MED"

measurementtimesetting4)andthedcbiassweepratewassetto100mV.s−1.Inthe

presentcase,theaveragingfactorwassetto1.Itsinfluenceonthemeasureddatawas

notstudiedhere.TheelectricalcharacterizationswereperformedusingaLinkamcooling

systemtocontrolthesampletemperature(whichcanbecontrolledbetween-196◦Cand

600◦C).Fig.4.18showsapictureoftheexperimentalsetup. Abinocularmicroscope

allowstoaccuratelylocatetheprobesonthesample(movedeitherbypiezoelectric

micromanipulatorsormanualmicromanipulators).

Figure4.18: Picture
oftheprobestation
usedforI(V)andC(V)
characterizationofthe
samples. Thesam-
plecharacterizationis
made undervacuum
(<10−3Torr)andin
thedarktoavoidany
effectsduetooptical
excitation. Thetem-
peratureiscontrolled
withaLinkamcooling
systemfromliquidni-
trogentemperatureto

600◦C.

4.5.1.2 Impedancemodel

Thechoiceoftheimpedance modeltoextractthe measuredcapacitanceisstrongly

affectedbythedeviceelectricalproperties.Inparticular,theresistivityofdiamondfor

lowboronconcentrationρ≈35Ω.cmforNA =2.5×10
17cm−3andacompensation

ND=10
16cm−3,leadstothepresenceofasignificantseriesresistanceRswhichaffects

thefrequencydependenceofthemeasuredC(V)curves. Thiseffecthasbeenreduced

bytheuseofaburiedp+-typediamondlayeraspresentedinsection4.3. Thisseries

resistancewillbetakenintoaccountinthe MOSCAPequivalentcircuitthroughthe

4Thisisthetimebetweenthetriggerandtheendofmeasurement[KeysightTechnologies2014].



Chapter4.DiamondMOScapacitorsfabricationandcharacterization 123

Rsterm. Moreover,thenon-idealinsulatingbehavioroftheAl2O3dielectriclayer,i.e.

thepresenceofleakagecurrentsinthegateAl2O3/O-diamondstack,isequivalentto

aparallelresistanceRp(seeFig.4.19)andtheparallelcapacitanceisrepresentedby

Cp.Thus,thecompleximpedanceisaccessiblethroughthemeasurementofthephase

differencebetweenanaccurrentI(ω)andanacvoltageV(ω)asfollows:

V(ω)=Z(ω)·I(ω) (4.4)

withω=2πfthepulsationoftheacsignalproportionaltotheacsignalfrequencyf

andZ(ω)thecompleximpedancewrittenas:

Z(ω)=R(ω)+jX(ω) (4.5)

whereR(ω)isthefrequencydependentimpedancerealpartandX(ω)isthefrequency

dependentimpedanceimaginarypart.

Rs 

Rp Cp 

Rs 

Cs 
Rp Cp 

a) b) c) 

Figure4.19:Equivalentmodelsusedtoextractthecapacitancefromtheimpedance
measurement,respectivelya)thethreeelementsequivalentcircuit,b)theseries

CsRsequivalentcircuitandc)theparallelCpRpequivalentcircuit.

Inasimpleapproach,twoequivalentcircuitsarepossibledependingonwhichapprox-

imationsaredone[Schroder2006,Sze2007]. Firstly,whentheoxideleakagecurrents

aresmallenoughsuchthattheparallelresistanceRpislargeascomparedtotheseries

resistance,theseriesequivalentcircuitofFig.4.19.b)isvalid.Secondly,iftheseriesre-

sistanceisnegligiblewithregardtotheparallelresistance,theparallelequivalentcircuit

ofFig.4.19.c)prevails.Asdiscussedin[Chicot2013a],thethreeelementsequivalentcir-

cuitofFig.4.19.a)isthemostappropriatetoextractthecapacitancefromthemeasured

compleximpedance.Thus,theimpedanceisgivenbythefollowingexpression:
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Z(ω)=Rs+
Rp

1+(RpCpω)
2−j

CpR
2
pω

1+(RpCpω)
2 (4.6)
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Figure4.20:a)SchematiccrosssectionshowingtheMIMCAPcharacterizationpro-
cedure(left)andpictureoftheAl2O3/O-diamondMOSCAP(right)showingthe
MIM,MOSandohmiccontactsrespectively.b)C(V)characteristicoftheMIMCAP
measuredat300Kwithsmallsignalparametersf=1kHzandVac=50mV.b)
C(f)curveshowingnoclearfrequencydependenceofthecapacitanceovertherange
100Hzto2MHz.c)J(V)characteristicoftheMIMCAP.Thesemeasurementswere

performedonacircularcontactwithdiameterof100µm.

AsshowninFig.4.20.a),thefabricateddiamonddeviceincludesmetal-insulator-metal

capacitors(MIMCAPs)wherethemetalbackcontactisthemetallicp+-typediamond

layer.Theirpresencemakespossibletheelectricalcharacterizationofthedielectriclayer.

Here,thepresenceofthedielectricontopofthebackcontact(seeFig.4.20.a),left)isnot

aproblemsinceitisshortcircuitedassoonasabiasvoltageisapplied.Formeasuring

thecapacitancevs. voltageandvs.frequency,theCpRpequivalent modelisused.
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Fig.4.20.b)exhibitstheC(V)curveofa MIMCAPwithcircularcontactof100µmin

diameter. Asthebiasvoltageischangedfrom-1Vto+1V,thecapacitanceremains

almostconstant,withrelativevariationoflessthan2%. Moreover,thecapacitancedoes

notshowclearfrequencydependenceasexhibitedinFig.4.20.c).Thisanalysisallowsto

extracttheAl2O3relativedielectricconstantwhichiscalculatedtobeεAl2O3≈9.5.The

leakagecurrentsrepresentedinFig.4.20.d)arelowerthan10−6A.cm−2at300K,which

isareasonablevalueconsideredthethicknessofthedielectriclayer.

Al2O3/O-diamondmetal-oxide-semiconductorcapacitors

Rs 

Rp Cp 

Rx Cx 

Rs 

Rp Cp 

Three element model 

Five element model 

d) 

e) 

Figure4.21: a)C(V)curvemeasuredforfrequenciesrangingfrom1kHzto1
MHzat300K.b)1/C2plotusedtoextracttheflatbandvoltageandthedoping
concentration.c)Imaginarypart−X(ω)asafunctionoftherealpartR(ω)ofthe
compleximpedance,highandlowreferringtothehighandlowfrequencyconditions.
Thefitcorrespondseithertothethreed)ortothefivee)elementequivalentcircuit.

Theindependentcharacterizationoftheoxiderelativedielectricconstantallowstoesti-

matetheexpectedaccumulationcapacitancevalueforaMOSCAP.Asanexample,the

Cox=εoxε0A/toxfora300µmsquare MOSCAPshouldbearound360pF(4×10
−1
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µF.cm−2). AsevidencedinFig.4.21.a)thecapacitancevalueis70%lowerthanthe

expectedoneat300K. Moreoverthecapacitanceshowsfrequencydependenceinthe

range-8Vto-4V.Thisisrelatedtothepresenceofinterfacestates,whichwillbedis-

cussedinmoredetailsinthenextsection.Theeffectofinterfacestatesonthemeasured

capacitanceisobservedforlowfrequencies,wherethetrapscanfollowtheacsignaland

socontributetothecapacitancesignal.Then,increasingthefrequencyto100kHzand1

MHz,theC(V)curvesshowalmostnochangevs.frequency.Theinterfacetrapscannot

followtheacsignalanymoreanddonotcontributetotheC(V)characteristic.Fig.4.21.b)

showsthe1/C2plot,wheretheoxidecapacitanceiscalculatedwithεox=9.5.Theflat

bandvoltageisextrapolatedandthedopingconcentrationisextractedfromfittingthe

curvewithEq.2.43[Muret2014].Fromthisfit,theflatbandvoltageisVFB =-7.3V

andthedopingconcentration(NA−ND)=2.3×10
17cm−3areextracted.Fromtheflat

bandvoltagetheoxidefixedchargedensityNfcanbecalculatedusingthefollowing

equation[Schroder2006]:

Nf=
Cox(φms−VFB)

qA
(4.7)

whereCoxisthecalculatedvalue,φms =2.5Visthedifferenceinthemetalandsemi-

conductorworkfunctionsandAisthecontactarea.ThenNfisfoundequalto1.2×10
13

cm−2,i.e.6×1018cm−3forthe20nmthickAl2O3layer.Partofthisoxidefixedcharge

densityisattheoriginofthetrapassistedtunnelingcurrentwhichwillbediscussed

later.Finally,thecompleximpedanceimaginarypart−X(ω)isplottedasfunctionof

theimpedancerealpartR(ω)asdepictedinFig.4.21.c).Theprocedurewastofixthe

oxidecapacitanceCox=CptotheexpectedvalueandfittingtheRpandRsvalues.In

thecaseoftheaforementionedthreeelementsequivalentmodelthehighfrequencypart

oftheRXplotisnotreproduced(leftpart),onlytheseriesresistancecanbeextracted

withvalueRs=51Ω.However,addingaparallelelementCxRxtotheequivalentcircuit

(seeFig.4.21.e)fiveelementsmodel)[Liao2015],theexperimentaldataarefitted.This

meanseitherthattheinterfacestatesarecontributingtotheaccumulationcapacitance

andCx=CitorthattheMOSCAPisstillindepletionsuchthatCx=Csc+Cit.Inorder

toclarifythispoint,theinterfacestateshavebeeninvestigatedintermsofcapacitance

andconductancemeasurementsasdiscussedinthenextsection.
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4.5.1.3 Capacitanceandconductanceanalysisofinterfacestates

Thepresenceofinterfacestatesatanoxide/semiconductorinterfaceresultsfromthe

discontinuityinmaterialandlatticeattheinterface. Thisdiscontinuityresultsinthe

presenceofdanglingorunsaturatedbonds[Terman1962].Theunsaturatedbonds(lack

ofoxygenatoms)willimpacttheenergybanddiagraminsuchawaythattheyallow

energylevelswithintheforbiddenbandgapattheAl2O3/O-diamondinterface.Inthe

presenceofinterfacetraps,theidealC(V)characteristicpresentedinsection2.3willbe

modifiedifthetrapstimeconstantsareintherangeoftheacsignalfrequency.Inan

idealMOSCAP,whenapplyingasmallbiaschange,tomaintainchargeneutralityband

bendingmustchangeinconsequencesuchthatδQG+δQs=0[Nicollian1982],with

δQGthechangeingatechargeandδQsthechangeinsemiconductorsurfacecharge.In

thepresenceofinterfacetraps,thechangeingatebiasisalsoaccompaniedwithachange

intheinterfacetrapchargedensityδQit,suchthatthechargeneutralityismodifiedas

follows:

δQG+δQ
′
s+δQit=0 (4.8)

Thus,foragivenδQG,δQ
′
s<δQsduetothepresenceofδQit. Thebandbendingis

lessfora MOSCAPwithinterfacetrapsascomparedtotheonewithout,makingthe

accumulationtodepletionbiaswindowlarger. TheC(V)curveisthenstretchedout

alongthegatebiasaxis.ThestretchoutispredictedfromapplyingGauss’slawtothe

MOSCAPwithinterfacetrapssuchthatthegatechargeisgivenby[Nicollian1982]:

Cox(VG−Ψs)=−Qit(Ψs)−Qs(Ψs) (4.9)

withCoxtheoxidecapacitance,VG thegatebiasvoltage,Ψsthesurfacepotential,

Qit(Ψs)theinterfacechargeandQs(Ψs)thesemiconductorsurfacecharge,bothde-

pendingonthesurfacepotential.ApplyingasmallgatebiaschangedVGleadsto:

CoxdVG=(Cox+Cit(Ψs)+Cs(Ψs))dΨs (4.10)
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whereCit(Ψs)=−dQit/dΨsandCs(Ψs)=−dQs(Ψs)/dΨs.Thus,foragivengatebias

voltagevariationdVG,thesurfacebandbendingissmallerinducingthestretchoutof

theC(V)curve.Inthelowfrequencyregime,suchthatthemajorityofinterfacetraps

canfollowtheacsignal,theequivalentcircuitoftheMOSCAPisshowninFig.4.22.b).

Inthiscase,theinterfacetrapcapacitanceisfrequencydependent,i.e.onlythetraps

abletocapturechargecarrierswithinaperiodoftheacsignalwillcontributetothe

C(V)characteristic. Thus,iftheacsignalfrequencybecomessohighthatthetraps

cannotrespondandtheinterfacechargeremainsconstantduringthebiasvoltagesweep,

theC(V)curvewillonlydifferfromtheidealonebythestretchoutofthecapacitance

versusbias,andtheinterfacetrapdensitycanbeinvestigated.Thismethodisreferred

asTerman’smethodandwillbediscussedinthefollowing.

Cs Cit 

Cox 

Cs 

Cox 

Low frequency High frequency 

Cs 
Cit 

Cox 

Rit 

a) c) b) 

Figure4.22:a)Equivalentcircuitwithinterfacetraps.b)AtlowfrequencyRitis
settozerowhereasc)athighfrequencyCittendstoinfinitysuchthattheRitCit

branchofa)isignored.

Terman’smethod

Terman’smethodisbasedonthemeasurementofthehighfrequencyC(V)characteristic

ofaMOSCAPwhichisequivalenttothehighfrequencycircuitofFig.4.22.c).Inthis

regime,theinterfacetrapscannotrespondtotherapidlyvaryingacsignalbutcanfollow

theslowlyvaryingdcbias[Schroder2006]. Theinterfacestateswillbechargedwhen

theFermilevelwillsweeptheenergylevelattheinterface.Inourcase,positivecharge

willappearattheinterface,keepingthesemiconductorindepletion. Thisresultsin

thestretchoutoftheC(V)curve,anon-parallelshiftoftheC(V)characteristicalong

thegatebiasaxis. AstheonlydifferencebetweenanidealandanexperimentalC(V)
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curvecomesfromthepresenceofinterfacestates,providedthatthebandbendingcan

becontrolledandisthesame,adirectcomparisonallowstoextracttheinterfacestates

density. Theprocedureistoextractthevoltagedifferenceforaconstantcapacitance

(seeFig.4.23)andafterdifferentiationwithrespecttothebandbendingΨsleadstothe

interfacestatesdensityDitasafunctionofΨs. ThefollowingequationexplicitsDit

[Schroder2006]:

Dit=
Cox
q2
d∆VG
dΨs

(4.11)

Fig.4.23showsthecomparisonbetweenthehighfrequencyC(V)withthecalculated

theoreticalone,adjustingthedopingconcentrationfromthe1/C2plotto2.3×1017

cm−3andtheflatbandvoltageto-7.1Vsuchthatthedeepdepletionexperimental

andtheoreticalcharacteristicsmatch. Theinsertshowsazoominwherethe∆Vis

highlighted.From-8Vto-6V,∆V,duetotheinterfacestatesresponse,ismeasurable,

whichisnotthecaseforbiasvoltageslargerthan-6Vwhere∆Visnolongermeasurable,

sincetrapscannotfollowthebiassweeprate,asdiscussedlater.

Theinterfacestatesdistributioninthediamondbandgapisthenestablishedbycalcu-

latingthetrapenergylevelEitasfunctionofthesurfacepotentialΨsasfollows:

Eit(Ψs)=qΨs+(EF−Ev) (4.12)

whereEFistheFermilevelinthebulksemiconductorandEvisthevalencebandenergy.

Thisdifferenceiscalculatedat300KforadopinglevelofNA=2.3×10
17cm−3with

compensationND =10
16cm−3andequalsto0.305eV.

Fig.4.24exhibitstheenergydistributionprofileoftheinterfacestatesinsidethediamond

bandgap,wherethevalenceandconductionbandedgesaredepicted.Asobserved,the

interfacestatesdensityisashighas3×1013cm−2.eV−1foratrapenergycorresponding

to0.6eV.Thistrapenergyisreachedforabiasvoltageof-8V.Ifoneassumesthatthe

densityofsurfaceatomsof∼8×1014atoms.cm−2canbeuniformlydistributedalong

thediamondbandgap(Eg=5.5eV),thedensityof∼1.5×10
14cm−2.eV−1iscalculated.

ThisdensityofinterfacestatesDitrepresents20% ofunsaturatedbondsofsurface

atoms.Ontheotherhand,whenincreasingthebiasvoltage,theinterfacestatesdensity
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Figure4.23:NormalizedhighfrequencyexperimentalC(V)curve(1MHz)compared
tothecalculatedidealonewithNA=2.3×10

17cm−3,ND=10
16cm−3andVFB

=-7.1V.Theinsertisazoominwhere∆Visindicated.

decreasesandbecomesnegligibleforbiasvoltagesgreaterthan-6Vsincethe∆Visnot

anymoremeasurable.

Inthisanalysistwohypothesesweremade,i)theacsignalfrequencyishighenoughso

thattheinterfacetrapscannotrespondtotheacsignalandii)thebiassweepisslow

enoughsothatallthetrapscanfollow.Thefirstassumptionisreasonableinthiswork,as

regardstothetrappingtimeconstantofholesτitinthediamondbandgap,asexhibited

inFig.4.25.b),wheretheholegenerationtimeisplottedasfunctionoftheenergyand

calculatedaccordingto[Engel-Herbert2010,Muret2014]:

τit=
1

νthσpNv
·exp

Eit−Ev
kBT

(4.13)

whereνthisthethermalvelocityforholes,σpisthetrapcapturecrosssectionforholes,

Nvistheeffectivedensityofstatesinthevalencebandand(Eit−Ev)istheenergy
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Figure4.24:Interfacestatesdensityasfunctionoftheenergy,distributedinsidethe
diamondbandgap,extractedusingTerman’smethod[Schroder2006].

differencebetweenthetrapenergylevelandthevalencebandmaximumasillustrated

inFig.4.25.a).ThedonorstatesbelowEFareoccupiedbyelectronsandhenceneutral.

ThosewithenergiesEF<E<Eiareunoccupieddonorsandhencepositivelycharged.

ThoseaboveEiareunoccupiedacceptorsandhenceneutral.

InFig.4.25.b),itisevidencedthatclosetothevalencebandedgethegenerationtime

τitisoftheorderof8minforatrapenergyof0.9eV.Astheenergyincreasesthe

generationtimeincreasesexponentiallytoreach1080swhenthetrapislocatedclose

totheconductionbandedge(5.5eV).Nowthelimitationofthismethodappears. As

thesecondhypothesisimpliesthatthetrapscanfollowtheslowlyvaryingbiasvoltage

sweepversustime,thegenerationtimebecomestoohighascomparedtothebiassweep

speed. Asaconsequence,thetrapscannotfollowthedcbiassweepandtheinterface

statesdensityisunderestimated,fortrapenergiesabove0.7eV.Asolutiontoinvestigate

moreaccuratelytheinterfacetrapsdensitywouldbetomodifythedcbiassweepspeed

asthebandarebendedtowardsdepletion.However,theinterfacetrapsdensitywillnot

beprobedwithhighaccuracyfarfromthevalencebandedgeduetothehighgeneration

timevalues.
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Figure4.25:Energybanddiagramofthe MOSCAPbiasedintoaccumulationin
thepresenceofinterfacetrapsdensityDit. Electron-occupiedinterfacetrapsare
representedbythesmallhorizontalheavylineswhereastheunoccupiedonesare

representedbythelightlines.

Inadditiontotheinterfacestatesdensity,Terman’s methodallowstoevidencethe

FermilevelpinningattheAl2O3/O-diamondinterface. AsevidencedinFig.4.23,the

experimentalC(V)doesnotreachthetheoreticaloneintheaccumulationregime.The

highinterfacestatesdensitypreventstheFermileveltomovefurtherwithincreasingthe

negativebiasvoltage,aconsequenceoftheFermilevelpinning.Thisphenomenonisalso

evidencedbytheconductancemethodwhichwillbediscussedinthefollowing.

Conductancemethod

TheconductancemethodisbasedonmeasuringtheequivalentparallelconductanceGp

asafunctionofbothbiasvoltageandfrequency[Schroder2006].Ithastheadvantage

ofallowingestimationofboththeinterfacetrapsdensityNitandtheircapture/emis-

siontimeconstant.TheequivalentparallelconductanceGpisrelatedtothemeasured

conductancebythefollowingequation:

Gp
ω
=

ωGmC
2
ox

G2m+ω
2(Cox−Cm)

2 (4.14)
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Figure4.26:EquivalentparallelconductanceGp/ωasafunctionofωmeasured
underbiasvoltageof-8Vandatatemperatureof300K.

whereGmisthemeasuredconductance,Cmisthemeasuredcapacitanceandω=2πfis

theacsignalpulsation.Thismethodconsistsinanalyzingthelossthatiscausedbythe

changeinthetraplevelchargestate[Engel-Herbert2010,Nicollian1982]. Thus,each

timeaninterfacetrapisinresonancewiththeappliedacsignal(ωτ=1)maximum

lossoccursandapeakintheconductancesignalisobservedasshowninFig.4.26,which

representstheparallelconductancecalculatedfromEq.4.15wheretheleakagecurrents

aretakenintoaccountthroughtheGtterm.ThetunnelconductanceGtwasdetermined

asthelocalslopefromthe300KI(V)characteristic,suchthatGt(V)=dI/dV.

Gp
ω
=

ω(Gc−Gt)C
2
ox

G2m+ω
2(Cox−Cm)

2 (4.15)

withGcandGm givenas:
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Gc =
Cm

(1−RsGm)
2+(ωRsCm)

2 (4.16)

Gm =
ω2RsCmCc−Gm
RsGm−1

(4.17)

withRstheseriesresistanceandCcasfollows:

Cc=
Cm

(1−RsGm)
2+(ωRsCm)

2 (4.18)

Then,comparingequivalentcircuitofFig.4.27.d)withtheequivalentcircuitofFig.4.27.b),

thefollowingrelationshipisestablished[Schroder2006]:

Gp
ω
=
qωNitτit

1+(ωτit)
2 (4.19)

whereNitistheinterfacestatesdensityandτittheinterfacestatestimeconstantde-

scribedbyEq.4.13.
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Figure4.27:Equivalentcircuitsforconductancemeasurements.

TheexperimentalprocedureconsistsinmeasuringtheconductanceGm andcapacitance

Cm asafunctionofbiasvoltageandfrequencyandextractingtheinterfacetrapdensity

Nit.Thetrapresponseismaximumwhenωτit=1,whichresultsfromEq.4.19in:

Nit=
2

q
·
Gp
ω max

(4.20)

Inthiscasetheinterfacestatedensityisextractedas5×1012cm−2.eV−1,whichisalmost

oneorderofmagnitudelowerthanthevalueextractedfromTerman’smethod.Thisis
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explainedbythefactthattheconductancemethodbecomesinsensitivetoNitvalues

whenqNit>Cox[Martens2008].Here,Cox/q=2.5×10
12cm−2.eV−1,thustheinter-

facestatesdensityisunderestimated.However,themapoftheparallelconductanceas

afunctionofbiasvoltageandfrequency(notshownhere)measuredat300Kgivesaddi-

tionalinformationonhowmuchbandbendingisefficientinresponsetotheappliedbias

voltage.Inparticular,ifthebandbendingisefficient(Gp/ω)max shouldmovevertically

acrossthemap[Engel-Herbert2010].Thefrequencyshiftwasnegligibleforbiasvoltage

closeto-8Vwhichindicatesthatthebandbendingisnotefficient,i.e.theFermilevel

ispinnedattheAl2O3/O-diamondinterface. Moreover,thefittingoftheexperimental

Gp/ωvs.ωwithEq.4.19leadstoanestimationofthetrapcapturetimeconstantof

5×10−8s.

ThetemperaturedependenceoftheequivalentparallelconductanceGpwasinvestigated.

Fig.4.28exhibitsthedependenceofthelogarithmofthetrapcapturecrosssectionas

afunctionoftemperature(hereinreciprocalaxis). Thelinearbehaviorindicatesthe

exponentialvariationofthecapturecrosssection,whichisextractedas3×10−18cm2.

TheslopegivesthetrapenergywhichisEt−Ev=162meVforabiasvoltageof-8V.

Wecannoticethatthetrapenergyleveldeterminedfromthismethodisdifferentfrom

theonedeterminedfromTerman’smethod(Et−Ev=0.6eV)forthesamegatebias

voltage. Moreinvestigationsareneededtoconcludeabouttheoriginofthisdiscrepancy.

4.5.1.4 Summary

PerforminginterfacestatescharacterizationonAl2O3/O-diamondMOSCAPallowedto

evidencethepresenceofahighinterfacestatesdensityandmorespecificallytheFermi

levelpinningattheAl2O3/O-diamondinterface.

•Ononehand,Terman’smethodallowedtoestablishtheinterfacestatesenergy

distributioninthediamondbandgap.Specifically,aDit=3×10
13cm−2.eV−1at∼

0.6eVabovethevalencebandmaximumwasdetermined. Moreover,anoxidefixed

chargedensityof6×1018cm−3wasdeterminedfromtheflatbandvoltageshift.

Partofthisoxidefixedchargedensityisattheoriginoftrapassistedtunnelingof

holesfromthediamondvalencebandtothetopgateelectrodeandisdiscussedin

thenextsection.
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Figure4.28:ln[1/νthτitNv]asafunctionoftemperature(reciprocalaxis). The
slopeofthelinearfitisproportionaltothetrapcapturecrosssectionandfoundto

be3×10−18cm2.

•Ontheotherhand,theconductancemethodwasusedtocharacterizequalitatively

theinterfacestateproperties. Asevidenced,theqNit>Coximplyingthatthe

trapdensitywasunderestimated. However,thetrapcapturecrosssectionwas

determinedbymeasuringthetemperaturedependenceoftheparallelconductance

GP,whichisextractedasσp=3×10
−18cm2.

4.5.2 Al2O3/O-terminateddiamond MOSCAPsleakagecurrentsanalysis

4.5.2.1 Temperaturedependenttrapassistedtunneling

Intheprevioussectiontheoxidefixedchargedensitywasdeterminedfromtheflatband

voltageshiftasNf=6×10
18cm−3. Ontheotherhand,temperaturedependentleak-

agecurrentsareobservedintheAl2O3/O-diamondMOSCAPasevidencedinFig.4.29.

Thesemeasurementswereperformedundervacuum(typically<10−3Torr)andindark

conditionstoavoidanyopticalexcitationeffects.ALinkamTemperaturecontrolleren-

ablestosetthesampletemperaturefrom-196◦Cto600◦C.However,inordernotto
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doanythermaltreatmenttotheoxidelayer,thetemperaturewasalwayskeptbelowthe

depositiontemperatureof250◦C.TheJ(V)characteristicsofacircularMOSCAPwith

diameterof150µmispresentedinFig.4.29forvarioustemperatures.

Figure4.29:J(V)characteristicsofacircularMOSCAPwithdiameterof150µm
measuredatvarioustemperatures. Aspecificfeatureistheabsenceofleakage

currentsinthedepletionregime.

Severalmechanismshavebeeninvestigatedinordertoexplaintheoriginoftheseleakage

currents,suchasFowler-Nordheim(F-N)tunneling[Chiu2014,Hiraiwa2013],Pool-

Frenkel(P-F)conductionmechanism[Cheong2007],Schottkyemission(S-E)[Sze2007]

andthetemperaturedependenttrapassistedtunneling(TAT)mechanism[Svensson1973,

Houssa2000].

•F-Ntunnelingoccurswhenathintriangularbarrierformsattheoxide/semicon-

ductorinterface.Itischaracterizedbyatemperatureindependenttunnelingof

carrierfromthetopgatecontacttothesemiconductor. Aplotofln(J/E2)vs.

1/EwhereEistheelectricfieldyieldsastraightline.

•P-Fconductionisdominatedbythethermalexcitationofcarriersundertheinflu-

enceofanexternalelectricfieldfromtrapslocatedintheconductionorvalence

bandoftheoxide.Thismechanismoftenoccursinamorphousoxides.
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•S-Eisaconductionmechanismcharacterizedbythermalinjectionofmajoritycar-

riersoverthebarrierformedattheoxide/semiconductorinterface.Thismechanism

isdominantatrelativelyhightemperature.

•TemperaturedependentTATmechanismisatwostepprocessinwhichaholefrom

thevalencebandofthesemiconductoriscapturedbyatraplocatedintheoxide

forbiddenbandgapandthenre-emittedtothetopgateelectrode.Thismechanism

isstronglyaffectedbytheholestatisticsattheoxide/semiconductorinterfaceas

wellasbythetemperature.

However,noneofthethreefirstmechanismswereabletotakeintoaccounttheobserved

temperaturedependencenorthefactthattheleakagecurrentisduetothetunnelingof

majoritycarriersfromthediamondlayertothetopgateelectrodethroughtheoxide.

InthecaseofF-Ntunneling,thecarriersareinjectedfromthetopgateelectrodetothe

semiconductor.ForP-Fmechanismthetransportthroughthedielectricisthelimiting

processandforS-E,idealityfactorcloseto3werefounddiscardingitforbeingatthe

originoftheobservedbehavior.Thus,thetemperaturedependenttrapassistedtunneling

(TAT)modeldevelopedbySvenssonandLundström[Svensson1973]toexplainleakage

currentsinSi/SiO2/Si3N4structureswasadjustedtotheAl2O3/O-diamondMOSCAP

sincethismodeldescribestheTATprocessofmajoritycarriersfromthesemiconductor

tothetopgateelectrodethroughtrapslocatedinthedielectriclayer.

ToillustratethismodeltheAl2O3/O-diamondenergybanddiagramisplottedinFig.4.30

usingnextnano5,wherethetrapenergylevelofφt=0.7eVisindicatedaswellasthe

bandoffsets∆Ecand∆EvdeterminedfromtheXPSmeasurements.Inthisfigure,the

MOSCAPisinaccumulationregimeandtheFermilevelisun-pinnedattheinterface.

TheTATmechanismisatwostepsprocessinwhichaholefromthevalencebandofthe

semiconductoriscapturedbyatraplocatedintheforbiddenbandgapofthedielectric

layerabovethevalencebandandre-emittedfromthetraptotheelectrode.Inthe

following,thecapturetimeconstantτcaptofaholeisassumedtobemuchlargerthan

theemissiontimeconstantτemis[Svensson1973],i.e.theemissionisnotthelimiting

process. Thus,withinthismodel,theexpressionofthegatecurrentisgivenbythe

followingequation:

5www.nextnano.com/nextnano3
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Figure4.30: EnergybanddiagramoftheAl2O3/O-diamond MOSCAPestab-
lishedusingnextnano.ThebandoffsetsareadjustedfromtheXPSmeasurements
[Maréchal2015].Thetrapenergylevelisdepictedandequals0.7eV.Thetopelec-
trodeworkfunctionis4.3eVandcorrespondstoTi.Abiasvoltageof-8Visapplied

tothetopelectrode.

J(V,T)=

xm

0

qNtfs
τcapt

dx (4.21)

whereNtisthetrapdensityandthecapturetimeconstantisgivenby:

τcapt=
3m2oxHox
4msck30Pox

(4.22)

withmox=2.43m0isthecarriereffective massinthedielectriclayercalculatedas

(m2h⊥mh)
1/3[Perevalov2007],msc=0.908m0istheholeeffectivemassinthesemi-

conductor[Pernot2010],Hox=(2qmox∆Ev)/ isaconstant, isthereducedPlanck’s

constant,k0=(2qmscV)
2/ dependsontheoxideelectricfieldasV=∆Ev−φt−Eox·x

andEox=Vox/toxwithVox=Vbias−Ψs−VFB.Theprobabilityofaholebeingcaptured

byatrapinthedielectriclayerisgivenby:
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Pox=exp −
4

3

(2qmox)
1/2

Eox
(φt+Eoxx)

3/2−φ
3/2
t (4.23)

Finally,theFermifactorfsisgivenasfollows:

fs=
1

1+exp q(V−VF)
kBT

(4.24)

whereVF isthedifferencebetweentheFermilevelEF andthesurfacepotentialΨs.

Thetemperaturedependenceiscarriedoutbythislastterm. TheintegralofEq.4.21

isperformedfromtheAl2O3/O-diamondinterfacex=0tothepositionx=xm,which

correspondstothexpositionwherethetrapenergyisalignedwithaholeinthediamond

valencebandandisexplicitlywrittenasxm=(∆Ev−φt)/Eox.Theresultsarepresented

anddiscussedisthefollowing.

4.5.2.2 Resultsanddiscussion

Fig.4.31.a)showsthemeasuredcurrentdensityasafunctionofthegatebiasvoltage

J(V)from83Kto353Kforacirculargatecontactof150µmindiameter.Forpositive

biasvoltageappliedtothegateelectrode,theMOSCAPisindepletionandthecurrent

densityislowerthanthedetectionlimit(notdepictedhere).Asthegatebiasisdecreased

towardsmorenegativevalues,theroomtemperaturecurrentdensityincreasestoreach

4×10−1A.cm−2at-8V.

Fig.4.31.b)representsthefitoftheexperimentalandtheoreticalJ(V)characteristicsat

300K.Inthiscaseboththetrapdensityandthetrapenergylevelwereadjustedto

6×1014cm−3and0.7eVrespectively.Asevidenced,agoodagreementwiththetheory

isfoundforlowbiasvoltages,i.e.below∼-2V.Asthebiasvoltageisdecreasedtowards

thenegativevalues,discrepancyappears.Forbiasvoltageslowerthan-2V,thetheo-

reticalcurrentdensityislowerthanthemeasuredone.Thiscouldbeexplainedbythe

factthatthetheoreticalmodeldidnottakeintoaccounttheFermilevelpinningatthe

Al2O3/O-diamondinterface.Infact,theresultswereinconsistentwhenconsideringthe

resultingsurfacepotentialvalues.Fermilevelpinningwouldinduceanoppositeband

bendingofthediamondbandsattheinterface,amuchstrongerelectricfieldinthedielec-

triclayerandasmallerholeconcentrationattheAl2O3/O-diamondinterface.However,
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Figure4.31:a)ExperimentalJ(V)characteristicsmeasuredatvarioustemperatures
foracircularcontactwithdiameterof150µm.b)CalculatedJ(V)characteristicsat
varioustemperaturesusingtheTATmodeldescribedbyEq.4.21.Asevidencedthe
temperaturedependenceisstrongerforthetheoreticalJ(V)thanfortheexperimental

one.

thetemperaturedependenceofthecurrentdensitiesisexpectedtobestronger,sincethe

ionizationrateofboronstronglydecreaseswithdecreasingtemperature.Thus,itindi-

catesanotherimportantphenomenon:holeinjectionfromtheburiedp+-typediamond

layer.Specifically,thepresenceofthep+-typediamondlayerresultsintheinjectionof

holesintothep-typelayer,increasingtheholeconcentrationfarabovetheequilibrium



Chapter4.DiamondMOScapacitorsfabricationandcharacterization 142

concentrationattheAl2O3/O-diamondinterfacestronglyinfluencingthetransportprop-

ertiesinthedevice[Muret2015].Fig4.31.c)exhibitstheJ(V)characteristicscalculated

atvarioustemperaturesusingEq.4.21.ComparingtheexperimentalandtheoreticalJ(V)

characteristics,itappearsthatthetemperaturedependenceisexpectedtobestronger

asregardstothemodel.Again,effectoftheFermilevelpinningaswellasholeinjection

andthepresenceofoxidechargescannotbediscarded.

InFig.4.31.d),thecurrentdensityisplottedasfunctionof1000/Tinordertoevidencethe

temperaturedependencefordifferentappliedbiasconditions.Inthehightemperature

rangethecurrentdensityapproximatelyfollowsastraightlinewhich,indicatesthatJ

variesexponentiallywith1/T(representedbythesolidline)[Houssa2000].Thisseems

tobevalidforlowbiasvoltage(-2V)andisnotthecaseformorenegativebiasvoltage

asevidencedbyFig.4.31. ThiseffectcouldbelinkedtotheFermilevelpinningwhich

wouldstronglyincreasetheoxidebandbendingandresultsfromthedeviationofthe

experimentaldatatothemodel.Also,effectofholeinjectionfromthep+-typediamond

layermustbeconsidered.

4.5.3 Summary

InthissectiontheelectricalpropertiesoftheAl2O3/O-diamondMOSCAPwereinvesti-

gated.Specifically,theinterfacestatescharacterizationusingbothTerman’smethodand

theconductionmethodrevealedthepresenceofahighdensityofinterfacetrapswhich

preventstheMOSCAPtoreachtheaccumulationregime,i.e.thehighinterfacetraps

densityinducesthepinningoftheFermilevelattheAl2O3/O-diamondinterface.Nev-

ertheless,itisshownthatthedevicecanbeoperatedinthedepletionanddeepdepletion

regimes.Ontheotherhand,theleakagecurrentsobservedwhennegativebiasisapplied

tothegateelectrodeisexplainedbythepresenceofoxidefixedchargeswhichpartici-

patestotheholetunnelingfromthediamondlayertothetopelectrodethroughthese

trapslocatedintheforbiddenbandofthedielectriclayer.However,discrepancybetween

thepredictedcurrentdensityandthemeasureddatawasobserved.Holeinjectionfrom

thep+-typelayercouldexplainthisphenomenonsincetheholeconcentrationinthe

p-typelayerisbroughtfarabovetheequilibriumconcentrationandcanstronglyinflu-

encetheholeconcentrationpresentattheinterface[Muret2015].Inordertoimprove

thediamondMOSCAP,effectofthermalannealingofthedielectriclayerusingforming
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gas(mixtureofH2andN2)anddifferentsurfacetreatmentincludingFluortermination

ofthediamondsurfacecouldbeenvisioned. Thecontrolofthedielectric/O-diamond

interfaceisofgreatimportanceinordertodevelopthenextgenerationinversionMOS-

FET.Afirstattemptinfabricatingdiamondinversion MOSFEThasbeenperformed

veryrecentlyinJapanandtheelectricalcharacterizationwillbediscussedinthenext

section.

4.6 Experimentalrealizationofan-typechannel MOSFET

ThissectiondescribestheworkperformedattheNationalInstituteforAdvancedIn-

dustrialScienceandTechnology(AIST)inTsukuba,duringafourmonthsstay,under

thesupervisionofSatoshiYamasaki6. Duringthisstay,themainfocuswastochar-

acterizeann-typechannel MOSFETfabricatedinAISTcleanrooms.Inafirstpart,

thesamplestructurewillbedescribed.Then,theexperimentalsetupandtheelectrical

characterizationresultswillbeexposedanddiscussed.

4.6.1 Samplestructure

ThesamplewasfabricatedinAIST(Tsukuba)underthesupervisionofH.Kato7and

T.Makino8,astepinwhichIwasnotpersonallyinvolved.

AsshowninFig.4.32.e),thesampleiscomposedofaheavilyboron-dopedIIb(100)

HPHTdiamondsubstratewithtypicalboronconcentrationofabout1020cm−3.Afirst

stepconsistedinthegrowthofa4µmthicknon-intentionallyboron-dopeddiamond

layer(p−-typelayer),withboroncontentof(NA-ND)=2.5×10
13cm−3,asmeasured

bycharacterizingSchottkydiodesonthesamestructure(notshownhere). Thefab-

ricationofthen+-typereservoirswasperformedbyusingaselectivegrowthprocess

[Kato2009]. Themainpointofthistechniqueistotakeadvantageofthegoodphos-

phorousincorporationinthe(111)orientationachievedbypatterningthesamplesurface

6PrincipalResearch Manager,EnergyEnablingTechnology Group,EnergyTechnologyResearch
Institute,s-yamasaki@aist.go.jp

7SeniorResearchScientist,EnergyEnablingTechnologyGroup,EnergyTechnologyResearchInsti-
tute,hiromitsu.kato@aist.go.jp

8ChiefSeniorResearcher,EnergyEnablingTechnologyGroup,EnergyTechnologyResearchInstitute,
toshiharu-makino@aist.go.jp
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Figure4.32:a)OpticalmicroscopeviewoftheMOSFETsampleandb),c)and
d)showsacloseuponthethreedifferentgeometriesreferredtoasA,BandC
respectively.e)Schematic3Dview.TheMOSFETiscomposedof4terminals,the
SourceS,theDrainD,theGateGandtheBackgateB.ThechannellengthL

andwidthW arealsoindicated.

withtrenches.Thisprocesshasproventobeofgreatefficiencyinthefabricationofdia-

mondlateralp-njunctions[Hoshino2012]andJFETs[Iwasaki2012,Iwasaki2013].The

dopingconcentrationofthen+-typediamondisexpectedtobeintherangeof1-2×1020

cm−3.Oxygenterminationofthediamondsurfacewasperformedbyastandardhotacid

treatmentwhichconsistsofamixtureofHNO3andH2SO4(1:3).Then,a24nmthin

Al2O3layerwasdepositedbyALDat573K.Theelectricalcontactsweredepositedby

electronbeamevaporationofTi/Pt/Auwithtypicalthicknessof30/30/100nmrespec-

tively.Fig.4.32.a)showsanopticalmicroscopeviewofthefinalsample.Ascanbeseen

inFig.4.32.b).c).d),threedifferentgeometriesweredefined(referredtoasA,BandC

respectively),withdifferentgatelengthLandgatewidthW rangingfrom1µmto100

µmandfrom2µmto200µmrespectively.Fig.4.32.e)representsaschematic3Dview

ofthesamplewithemphasisonthegatelengthLandgatewidthW.AsingleMOSFET

deviceiscomposedof4terminals,thesourceanddraincontacts,thegatecontactand

thebackgatecontacttocontrolthesubstratebias,namelyS,D,GandBinFig.4.32.e).
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4.6.2 Experimentalsetupandelectricalcharacterizations

4.6.2.1 Experimentalsetup

TheelectricalpropertiesoftheMOSFETwereinvestigatedwithanAgilentTechnolo-

giesB1500ASemiconductorDeviceAnalyzer.TheI(V)propertieswererecordedusing

aKeithley2636Dual-channelSystemSourceMeterinstrumentandtheC(V)charac-

teristicsofthegatewereinvestigatedusinganAgilentE4980APrecisionLCR Meter

withdcbiasvoltagesweeprateof250mV.s−1and“MED"measurementtimesettings

[KeysightTechnologies2014]asmentionedinsection4.5. Allmeasurementswereper-

formedundervacuum(<10−7Torr)andindarkconditions. Apictureoftheprobe

stationisshowninFig.4.33.

Figure4.33:ExperimentalsetupfortheMOSFETcharacterization.4independent
probesallowtocontrolthebiasvoltageofthe4contacts.

4.6.2.2 Electricalcharacterizations

Capacitance-voltageproperties

InordertoobtaintheC(V)characteristicsofthegatecontact,thebiasvoltagewas

appliedbetweenthetopgateandthebackgateelectrodes,whilethesourceanddrain

contactswerekeptasfloating,i.e.notconnected.Themeasurementswereaveragedona

1sdurationtoreducethesignal/noiseratio.Typicalacvoltageamplitudeof50mVhas

beenset.Itwasnoticedthatthisamplitudedidnotinfluencethemeasuredcapacitance.
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Fig.4.34presentstheC(V)characteristicsofsampleBI1_3_101(L=3µm,W =101

µm)measuredatroomtemperature(about300K).InFig.4.34.a),thefrequencywas

variedfrom50Hzto1 MHz.Inthisfrequencyrange,theaccumulationcapacitance

measuredat-10Vdidnotshowanypronouncedfrequencydependence.Thisistypically

thecaseforahighqualityoxide/semiconductorinterface,wheretheinterfacestates

densityislowenough,sothatthesurfacepotentialΨsisnotinfluencedbythepresence

ofdefectsattheinterface.Ontheotherhand,Fig.4.34.b)showsanhysteresisbehavior

whenbiasingthe MOSCAPfromaccumulationtodeepdepletionandcomingbackto

accumulation. Thevoltageshift∆Vbetweentheforwardandthebackwardcurveis

measuredas1.3V,foracapacitancevalueof3pF.Thishysteresisresultsfromthe

presenceofmobilechargesinthedielectriclayerorfrominterfacestatescontribution

whichcanfollowtheacsignalfrequency[Sze2007]andwasobservedfortheentire

frequencyrange.

Thedopinglevelofthep−-typelayerwasinvestigatedbyplottingthe1/C2graphas

showninFig.4.35.a)foranacsignalfrequencyof1MHz.Inprinciple,aconstantdoping

levelwouldresultsinastraightlinewhenplotting(1/C2−1/C2ox)asafunctionofthe

biasvoltageinthedepletionregime,i.e.forV>VFBandV>0,asobtainedbyEq.4.25

Figure4.34:a)C(V)propertiesofdeviceBI1_3_101measuredasafunctionof
thefrequencyatatemperatureof300K.Inthisfrequencyrange,theC(V)didnot
showfrequencydependence.b)HysteresismeasuredondeviceBI1_3_101.Thedc
biassweepratewassetto250mV.s−1andtheacsignalamplitudewas50mV.
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Figure4.35:a)1/C2plotofdeviceBI1_3_101forfrequenciesrangingfrom50Hz
to1MHz.b)Comparisonbetweentheexperimentalandideal1/C2plotat1MHz
withdopingconcentrationof8×1013cm−3andflatbandvoltageof-2.2V.

[Schroder2006]:

(NA−ND)=
2

qεscε0A2d(1/C2)/dV
(4.25)

with(NA−ND)thetotalimpurityconcentration,εscthesemiconductorrelativedielectric

constant,ε0thepermittivityoffreespace,Athegatecontactareaandd(1/C
2)/dVthe

derivativeoftheinversesquarecapacitancewithrespecttothebiasvoltage.Theresulting

dopingconcentrationasafunctionofthedepletionlayerextension(spacechargewidthw)

isshowninFig.4.36,wherethespacechargewidthwascalculatedfrom[Schroder2006]:

W =εscε0A
1

C
−
1

Cox
(4.26)

Moreover,theflatbandvoltageisdeterminedbytheintersectionofthelinearfitofthe

depletionregion1/C2withthex-axis. However,duetothenon-linearbehaviorofthe

experimentaldata,theflatbandvoltagevalueisnotmeasurable.Itisclearfromthis

graphthatthedopingconcentrationofthep−-typelayerisover-estimatedascompared

totheexpecteddopingconcentrationof2×1013cm−3.
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Figure4.36: Dopingprofile
(NA−ND)asafunctionof
depletionlayerwidthW ex-
tractedfromthe measured
C(V)at1MHzand300K.

TheAl2O3relativedielectricconstantwasextractedbymeasuringtheaccumulation

capacitanceforabiasvoltageof-8Vandfoundoftheorderof4−4.8. Thisvalueis

muchsmallerthantheonedeterminedfromC(V)measurementsonMIMCAPwherethe

Al2O3dielectriclayerwasdepositedat250
◦Candεox=9inagreementwith[Kim2006].

Despitethefactthattheexperimentaldatadidnotallowthedeterminationofthedoping

levelnortheflatbandvoltage,thecomparisonbetweentheexperimentalandtheideal

C(V)curvesfordeviceBI1_3_101wasmadebydifferentiatingEq.2.36withrespectto

ΨsasrepresentedinFig.4.37. TheaccumulationcapacitanceisreachedforanAl2O3

relativedielectricconstantof4andacontactareaof2.803×10−5cm2. Also,theflat

bandvoltagewasadjustedtofitthedataandfoundtobeVFB=-2.2V,whichisclose

totheidealVFBvalueof-2.5Vcalculatedasfollows[Sze2007]:

VFB=φm−(χ+Eg−EF) (4.27)

whereφm =4.33eVisthemetalworkfunction,χ=1.7eVistheelectronaffinity

oftheoxygen-terminateddiamond,Eg=5.5eVisthediamondbandgap,andEF =

0.37eVistheFermilevelcalculatedat300KandwithNA=8×10
13cm−3andND =

1×1012cm−3intheframeworkofBoltzmannapproximation. Ontheotherhand,the

capacitanceminimumisfittedwithadopinglevelof8×1013cm−3,whichisoftheorder

ofmagnitudeofthetargeteddopinglevel. Thediscrepancybetweentheexperimental
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Figure4.37:Comparisonbe-
tweentheexperimental 1
MHz C(V) curve (empty
dots)andthecorrespond-
ingidealcharacteristic(solid
line)forT=300K.Thecor-
respondingoxiderelativedi-
electricconstantof4wasset
aswellasadopinglevelof
8×1013cm−3tofittheac-
cumulationcapacitanceand
thedeepdepletioncapaci-
tancerespectively. Theflat
bandvoltagewasadjustedto

-2.2V.

andideal1/C2plotisemphasizedinFig.4.35.b).Astheidealcharacteristicleadstoa

straightline,theexperimentaloneshowsanon-constantdopingprofile,evidencedbythe

non-linearityofthecurve. Nonetheless,theidealcharacteristicshowsgoodagreement

withtheexperimentaldataasshowninFig.4.37.

Current-voltagecharacteristics

Thecurrent-voltagecharacteristicsoftheMOSFETwererecordedwithanAgilentTech-

nologiesB1500ASemiconductorDeviceAnalyzerat573K.AsillustratedinFig.4.38,

themeasurementsconsistinapplyingaconstantgatebiasVGSwhenbiasingtheDrain-

Sourcecontacts(VDS)from0Vto16V.Thesubstratebiaswascontrolledbyshort

circuitingthesourceandbackgatecontactstotheground.

Toensuretheproperelectricalpropertiesofthegatecontact,theleakagecurrentwas

measuredwhenapplyingaconstantgatevoltageVGS andchangingVDS. Theresults

arepresentedinFig.4.39,wherethegatecurrentIGSisrepresentedasafunctionofthe

drainvoltageVDS underdifferentgatebiasconditions,respectivelyfrom0Vto10V.

Asevidenced,theleakagecurrentsareunderthedetectionlimit(5×10−13A).

Thedraincharacteristics(IDS vs.VDS)areshowninFig.4.40.a). WhenVGS=0V,

thechannelisclosedandthedraincurrentisalwaysbellow2×10−8mA.mm−1.Then,

increasingthegatebiasvoltageVGS upto10V,thedraincurrentreachesavalueof
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Figure4.38: Principleof
the MOSFETcharacteriza-
tion. Abiasvoltageisap-
pliedbetweenthesourceand
draincontactsVDS,whilethe
sourceandbackgatecon-
tactsareshort-circuited.The
gatebiasVGS iscontrolled

independently.

Figure4.39: Gateleakage
currentscharacteristicsofthe
topgatecontactofMOSFET
BI1_3_101measuredwhen
biasingthegatefrom0Vto
10Vduringadrainvoltage
biasfrom0Vto16V.

1.77×10−7mA.mm−1forVDS=16V.Inordertokeeptheelectricfieldinthestructure

lowenoughtoavoidanybreakdown,VDS andVGS werealwayskeptbelow16Vand

10Vrespectively.Infact,agatevoltageof10Valreadyinducesanelectricfieldof

4.1-5MV.cm−1,ifoneconsidersthatallthepotentialdropoccursinthedielectriclayer.

AsshowninFig.4.40.a),akinkinthedraincurrentisobservedbetween2Vand4V,

whichmightbeoriginatingfromtrappedchargeseitherinthedielectriclayeroratthe

Al2O3/O-diamondlayer.Also,whenplottingthetransfercharacteristic(IDS vs.VGS),

itisobviousthatthedeviceoperationisnotideal.

ThesamemeasurementswereperformedondeviceAI3_1_50(L=1µm, W =50

µm).AsshowninFig.4.41,thegateelectrodeshowsgoodelectricalpropertiessincethe

leakagecurrentlevelisoftheorderof1pA.
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Figure4.40:a)DraincurrentasafunctionofthedrainbiasfordeviceBI1_3_101
measuredat573K.b)Draincurrentasafunctionofthegatevoltagemeasuredat

573Kandatconstantdrainbiasof12V.

Figure4.41: Gateleakage
currentscharacteristicsofthe
topgatecontact measured
whenbiasingthegatefrom
0Vto10Vduringadrain
voltagebiasfrom0Vto15
VforsampleAI3_1_50.

TheC(V)characteristicofthisdeviceareshowninFig.4.42measuredat500Hzand

1kHzand573K.Fig.4.42.a)exhibitsapositiveshiftwhich mightbeduetofixed

negativechargesattheAl2O3/O-diamondinterface.Hysteresisisalsoseenandreflects

thepresenceofmobileoxidechargesintheAl2O3layerasdiscussedabove.Ontheother

hand,thesamecharacteristicmeasuredat1kHz(seeFig.4.42.b))andfrequencyabove,

showedextremelynoisybehavior. Thus,thehighfrequency(1 MHz)datacouldnot



Chapter4.DiamondMOScapacitorsfabricationandcharacterization 152

Figure4.42:C(V)characteristicofdeviceAI3_1_50measuredata)500Hzandb)
1kHz.Bothmeasurementswereperformedat573K.

Figure4.43:a)DraincurrentasafunctionofthedrainbiasfordeviceAI3_1_50
measuredat573K.b)Draincurrentasafunctionofthegatevoltagemeasuredat

573Kandatconstantdrainbiasof12V.

beusedtoextractthephysicalparametersofthisdevice.TheAl2O3relativedielectric

constantwasextractedfromthe500HzC(V)propertyandfoundtobeintherange

5.7−6.8.

TheIDS vs. VDS characteristicsofdeviceAI3_1_50areshowninFig.4.43.a).In

oppositionwithdeviceBI1_3_101,forVDS =0V,currentisobserved. Evenwhen
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biasingthegatecontactwithnegativevoltage,thecurrentisstillobserved. When

increasingthegatebiasvoltagetowardspositivevalues,thecurrentisincreasedand

reached3×10−6mA.mm−1forVDS=15VandVGS=10V.Thetransfercharacteristicis

plottedinFig.4.43.b)anddoesnotshowtheexpectedbehavior,asfordeviceBI1_3_101.

Summaryontheelectricalcharacterizationofdiamond MOSFET

Severaldeviceswerecharacterizedbutnoneofthempresentedthedesiredproperties.

AsevidencedinFig.4.44,theC(V)characteristicswereverydependentfromonedevice

toanother.Asobserved,theC(V)propertyshowsanon-reproducibleshift,differentfor

threedifferentgatecontacts. Thisisprobablyduetothepresenceofinhomogeneities

oftheAl2O3/O-diamondinterfacequalityand/orintheAl2O3layerqualitydeposited

byALDat573K.Hysteresisisobservedforalltesteddevicesindicatingthepresence

ofmobilechargesinthedielectriclayer.Thesechargesmightdeterioratetheelectrical

propertiesoftheMOSFET.

Figure4.44:C(V)propertiesmeasuredat573Kand1kHz(Vac=50mV)for
devicea)BIV4_5_200(L=5µmW =200µm),b)BI1_3_101(L=3µmW

=101µm)andc)AI3_1_50(L=1µmW =50µm).

Asevidencedbythesimulationresultsofchapter3,thisstructureisnotyetoptimized.

However,improvingthegeometry,thedopinglevelofthedriftlayertogetherwiththe

oxidethicknesswouldpavethewaytowardareliableinversionMOSFET.Specifically,

severalstudiesforfuturedevelopmentcouldbeconducted,suchas:
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•Thestudyoftheamountofoverlapofthegatecontactoverthen+-typediamond

influenceontheelectricalpropertiesofthedevice

•TheoptimizationofthelengthLofthegatecontact

•Theoptimizationoftheohmiccontactonn+-typediamond,alreadyunderinves-

tigationinJapan,asreportedin[Matsumoto2014]

•Theoptimizationofthep-n+interfacetoattainidealp-njunctionproperties

Asregardstoalltheabove mentioneditems,therearestill manypossiblewaysfor

improvingthefuturediamondMOSFETproperties.

4.6.3 Summary

An-typechannelMOSFETwasfabricatedforthefirsttimeanditselectricalproperties

investigatedintermsofcapacitancevs.voltageandcurrentvs.voltagemeasurements.

TheC(V)propertiesofthegatecontactrevealedthattheaccumulationanddepletion

regimeswereattained. Adiscrepancyinthedeepdepletionregimebetweentheideal

andexperimentalcharacteristicswasobservedwithoriginnotyetunderstood. Sev-

eralgatecontactswereinvestigatedandlargeinhomogeneitieswereobserved,possibly

comingfrominhomogeneitiesintheO-terminationofthediamondsurface. TheI(V)

characterizationoftheMOSFEToperationdidnotleadtotheexpectedbehavior.Even

whenmeasuringtheMOSFETpropertiesathightemperature(573K)onlyaveryweak

resistivitymodulationofthesource-drainchannelwasobservable.

Nevertheless,thisfirstattemptisverypromisingforthedevelopmentofthenextgener-

ationdiamondpowerdevices.

4.7 Conclusions

Inthischapter,thefabricationstepsofthepseudo-verticaldiamond MOSCAPswas

presented. Thegrowthsconsistedinap-typelayerdepositedonap+-typediamond

layeritselfdepositedonaIbHPHT(001)diamondsubstrate.Themesastructurewas

definedbyICPetchingusinganoxygenplasma.Then,theohmiccontactsweredirectly
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depositedonthep+-typediamondlayer.Theoxygenterminationofthediamondsurface

wasrealizedusingaVUVlight/ozonetreatmentandtheAl2O3layerwasdeposited

byALDatatemperatureof250◦C.Thedevicestructureallowedtodeterminethe

relativedielectricconstantoftheAl2O3as9.5. Thus,theexpectedcapacitanceofthe

MOSCAPcanbeestimated,evidencingadiscrepancywhichwasinvestigatedinterms

ofcapacitanceandconductancemeasurements.Specifically,usingTerman’smethod,a

highdensityofinterfacestateswasdetermined,resultingintheFermilevelpinningatthe

interfacepreventingtoreachaccumulationregime.TheFermilevelpinningwasfurther

evidencedbytheconductancemethod.FurtherinvestigationoftheMOSCAPbehavior

usingthermalannealingand/ordifferentsurfaceterminationwouldhelpindetermining

thebestdeviceprocessinginordertofabricateareliableMOSgatecontactforthenext

generationdiamondMOSFET.

Moreover,trapassistedtunnelingofholesfromthediamondlayertothegatecontact

wasevidencedusingcurrentvs.voltagemeasurementsatdifferenttemperature.Discrep-

anciesbetweentheexpectedbehaviorandtheexperimentalcharacteristicsisattributed

tothepresenceofholeinjectionfromthep+-typelayertothep-typelayer. Further

investigationsusingthickerp-typediamondlayercouldclarifythispoint.

Ontheotherhand,themeasurementofX-rayphotoelectronspectroscopyspectraal-

lowedtoestablishtheinterfacialenergybandconfigurationoftheAl2O3/O-diamond

heterojunction.ThisanalysisrevealedatypeIIbandconfigurationinoppositiontothe

typeIbandconfigurationdeterminedfortheAl2O3/H-diamondheterojunction.Inpar-

ticular,avalencebandoffsetof1.34eVwasdetermined.Thisvaluecouldbesuitablefor

inversionp-typechanneldiamondMOSFETsincetheholebarrierissufficienttoprevent

injectionintothegatecontact.

Finally,theexperimentalrealizationofan-typechannel MOSFETwasperformedfor

thefirsttimeanditselectricalcharacterizationwasperformedduringafourmonths

stayinAIST(Tsukuba,Japan).Unfortunatelythisfirsttentativewasunsuccessfulsince

MOSFEToperationcouldnotbereached.Nevertheless,thegatecontactsshowedgood

electricalproperties,i.e.accumulationtodepletionregimeswerereachedwithinafew

voltbiaswindow.Thispioneeringworkisverypromisingandpavesthewaytowardthe

realizationofnextgenerationdiamondMOSFETforpowerelectronicapplications.





Generalconclusionandoutlook

Thisthesiswasdrivenbytwomainobjectives. Oneisthedevelopmentofsimulation

toolstakingintoaccountthespecificdiamondphysicalproperties,aimingtoanticipate

thearchitectureanddesignofnextgenerationdiamondpowerdevices.Specifically,the

physicalpropertiesofdiamondhavebeenimplementedintoafiniteelementbasedsoft-

ware(TCADSilvaco),inordertoreproducetheelectricalcharacteristicsofadiamond

p-njunction.Here,uptodatemobilitymodels,impactionizationcoefficientsandhop-

pingmobilitywereimplemented. Also,animportantpointwastoconsidertheeffect

ofgeneration-recombination(G-R)modelsontheelectricalpropertiesofdiamondde-

vices. AstheG-Rparametersandmodelsareneitherwellknownnorunderstoodin

diamond,theinfluenceofAugerandShockley-Read-HallG-Rmodelswasstudied. A

firstsetofparametershasbeenproposedbuteffortmustbecontinuedonthistopic.

Concerningthecurrent-voltagecharacteristics,discrepancieswereobservedbetweenthe

experimentalandthesimulatedresults. Thismeansthatunconsideredfactorssuchas

contactresistivity,carriertunnelingandcrystallinedefectscontributetotheI(V)char-

acteristicsofdiamondp-njunctions. However,accordingtotheimplementedimpact

ionizationcoefficient,thebreakdownvoltageof225V,correspondingtoabreakdown

fieldof7.7 MV.cm−1waspredicted. Furthermore,theimplementedparameterswere

usedtostudythedesignofadiamondMOSFET.Specifically,theeffectofchanneldop-

ingconcentration,temperatureandoxidethicknessonthesimulatedelectricalproperties

wereinvestigated.Itisshownthatforthisparticulardesignthespecificon-resistance

isnotoptimizedascomparedtothesiliconlimit.Itisconcludedthatspecificarchitec-

turesmustbedevelopedtofullytakeadvantageofthestrongpotentialityofdiamond

forpowerdeviceapplications.

Furthereffortsareneededbothontheexperimentalandonthenumericalaspectsto

developrobustsimulationtoolswhichtakingintoaccountthespecificitiesofdiamond

157
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forthedesignoffuturediamondpowerdevices.

Ontheotherhand,thestudyofdiamondmetal-oxide-semiconductorcapacitors(MOSCAP)

usingoxygen-terminatedsurfacepavesthewaytowardsthefabricationofaMOSfield

effecttransistor(MOSFET).Inparticular,theinterfacialbandconfigurationofthe

Al2O3/O-diamondwasdeducedfromX-rayPhotoelectronSpectroscopy(XPS).Thus,a

valencebandoffsetof1.34±0.2eVwasdetermined. AssuminganAl2O3bandgapof

7.4eV,theconductionbandoffsetwascalculatedtobe0.56±0.2eV.Theconclusionof

thisstudyisthattheAl2O3/O-diamondmightbesuitablefordevelopinganinversion

modeMOSFETusingap-typechannel.

Since2011,NéelInstituteisinvolvedinthedevelopmentofMOSCAPusingAl2O3asa

gatedielectric.Inthiswork,anewdesignwasdeveloped.Apseudo-verticalMOSCAP

wasthusfabricated,whichiscomposedofap-typediamondlayergrownontopofa

p+-typediamondlayer.Theroleofthelateristoreducetheseriesresistancetogether

withthecontactresistance.Infact,byusingInductivelyCoupledPlasma(ICP)etching

todefineamesastructure,theohmiccontactsaredirectlydepositedonthep+-type

diamondlayer.Thefinaldeviceisobtainedbyseverallithographyandmetaldeposition

steps.Thedeviceelectricalpropertieswerestudiedintermsofcapacitance-voltageand

current-voltagemeasurements. Asthedeviceincludes MOSCAPandmetal-insulator-

metalcapacitor(MIMCAP),theoxiderelativedielectricconstantwasextracted.Then,

theexpectedaccumulationcapacitanceoftheMOSCAPwerecalculated.However,we

observeddiscrepancybetweenthemeasuredandtheexpectedvalues.Thus,theinterface

qualitywasinvestigatedusingcapacitanceandconductanceanalysisoftheinterface

states.TheconclusionisthatFermilevelpinningisresponsiblefortheobservedbehavior,

preventingthedevicetooperateinaccumulationregime. Also,highinterfacestates

densityisobservednearthevalencebandedge.Thisinterfacestatesmightoriginatefrom

thepresenceofunsaturatedcarbonbondsattheAl2O3/O-diamondinterface.However,

noFermilevelpinningwasobservedindepletionordeepdepletionmode,allowingthe

inversionmodeoperation.

Al2O3/O-diamondMOSCAPI(V)analysiswasperformedatvarioustemperatures.The

originoftheleakagecurrentsinnegativebiasvoltageconditionswereinvestigatedin

termsoftemperaturedependenttrapassistedtunneling. Thistwostepprocess,origi-

natingfromthepresenceoftrapsinthedielectriclayer,couldbeattheoriginofthe
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leakagecurrents.However,theeffectoftheFermilevelpinningwasnottakenintoac-

countinthemodel.Thiscouldbeahinttoexplainthequantitativediscrepancybetween

theexperimentalandthetheoreticalI(V)inthehighnegativebiasregime. Also,the

presenceoftheburiedp+-typelayermightplayaroleintheamountofholeavailableat

theAl2O3/O-diamondinterfacesinceholeinjectionoccurs.

Specificsurfacetreatments(comparisonbetweenVUVlight/ozonetreatmentandhot

acidtreatmentforinstance)anddielectricannealingundervariousatmospherescould

helptoimproveboththeinterfacequalityandthedielectriclayerquality.

Finally,an-typeinversionchannel MOSFETwasfabricatedandcharacterizedforthe

firsttime. Despitethefactthatthe MOSFETdidnotshowidealcharacteristics,the

MOSgatecontactshowedreasonablygoodproperties.Thisfirstattemptdemonstrate

thatthefabricationofadiamond MOSFETisnotatechnologicalissueandisvery

promisingforthedevelopmentofadiamondpowerMOSFET.Also,thenextstepcould

betodevelopap-typechannelMOSFET,sincewedemonstratedthattheinterfacialband

configurationisfavorablefortheconfinementofholesinthediamondattheAl2O3/O-

diamondinterfacewithoutFermilevelpinning.





Résumédethèseenfrançais

Leprésentmanuscritrésumelasélectiondetravauxréaliséspendantmestroisannées

dethèse,passéesauseindel’InstitutNéeletduLaboratoiredeGénieElectriquede

Grenoble(G2Elab),sousladirectiond’EtienneGheeraert(DirecteurdeThèse),Nicolas

Rouger(co-directeurdethèse)etJulienPernot(co-encadrantdethèse).

Cetravails’inscritdanslecadredel’électroniquedepuissanceendiamant.Plusprécisé-

ment,montravailaconsisteràdévelopperuneplateformedesimulationparlaméthode

desélémentsfinisrobustedanslebutdemodéliserdescomposantsélectroniqueendia-

mant.D’autrepart,laréalisationexpérimentaledecapacitémétal-oxyde-semiconducteur

(MOSCAP)àpermisl’étudedelafaisabilitédelaréalisationd’untransistor MOSen

diamant.

Introduction

Laconsommationd’énergieélectriqueetlademanden’ontcesséd’augmenterdansles

paysavancésainsiquedanslespaysendéveloppement. Lescombustiblesfossilesont

récemmentvuleursprixconsidérablementdiminué,passantdeprèsde100$lebarilà

lami-2014au-dessousde50$lebarilaudébutdel’année2015[IEA2015].Àl’échelle

mondialecettediminutionagitcommeunstimuluséconomique. Toutefois,lacombus-

tiond’énergiesfossilesàdesfinsénergétiquesreprésenteunegrandequantitéd’émissions

degazàeffetdeserre(environlesdeuxtiersdetouteslesémissionsanthropiquesde

gazàeffetdemaison),qui,enraisondeleurlongueduréedevierésultantdeleurac-

cumulationdansl’atmosphèreestresponsableduleréchauffementclimatiqueobservéet

leurrôledanslechangementclimatiqueestdésormaisbienétablie. Commelapopu-

lationmondialenecessed’augmenter(parexemple,lapopulationmondialeaugmente
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de1,18%paran,soit83millionsdepersonnesparan[Eeckhout2015])estdonclade-

manded’électricité. Ainsi,danslebutdelimiterlesémissionsdegazàeffetdeserre

etplusparticulièrementàmaintenirleréchauffementclimatiqueendessousduseuilcri-

tiquede2◦C,lesgouvernementsontsignéuntraitéinternationaldel’environnement(la

Convention-cadredesNationsUniessurleschangementsclimatiques)surlesobjectifs

àlongtermeenversprofondelaréductiondesémissionsmondialesdegazeffetdeserre

[IEA2015].Afinderemplirsapromesse,l’UEdoitréduiresesémissionsdegazàeffetde

serred’aumoins40%endessousdesniveauxde1990d’icià2030.Laprogressionvers

cetobjectifsontévaluéesàlaconférenceannuelledesNationsUniessurleschangements

climatiques,tenuecetteannéeàParis9.

Ainsi,lacroissancedurabledanslesdeuxpaysavancésetendéveloppementrepose

surlaréductiondesémissionsdegazàeffetdeserre. Cetteréductionestpossibleen

développantledomainedel’électroniqueverte[Ohashi2012],àsavoirdestechnologies

pluspropresetplusefficacessontobligatoirespourobteniruneréductiondesémissions

decarbone. Decettemanière,deuxapprochespeuventêtreenvisagées[Baliga2012].

D’unepart,laproductiond’électricitédevraitcomptersurdeplusenplusdesources

d’énergierenouvelables,commel’énergiesolaire,l’énergieéolienne,l’énergiemarémotrice

oul’énergiehydroélectriquequiutilisel’électroniquedepuissancepourconvertirle

courantalternatifgénéréaupouvoirbienadaptéquipourraitêtreutiliséparlescon-

sommateurs.Lesdispositifsàbasedesemiconducteursdepuissancesontdeséléments

cléspermettantdesoutenirunefortetension,unefortedensitédecourant,unehaute

températureetunehautepuissancependantunetelleconversion.Lasecondeapproche

consisteàréaliserdefaiblespertesetsystèmesàhauteefficacitépourlagestionetle

transfertdupouvoirdupointdelaproductionaupointdeconsommation.

Aucoeurdusystèmeestlesemi-conducteurdepuissance,cequiestactuellementprin-

cipalementàbasedesilicium.Enfait,parrapportàd’autresmatériaux,ilaunrapport

performances/coûtquiconduitàunefiguredeméritecommercialeimbattableàl’heure

actuelle[Udrea2015]. Cependant, mêmesidesarchitecturesspécifiques,telsqueles

transistorssuperjonction[Antoniou2010]sontdéveloppés,lesdispositifsdepuissance

àbaseSiatteignentleslimitesmatérielles.Ainsi,lesdispositifsdepuissanceàbasede

semiconducteursàgrandgap(WBGSc)telsqueSiC,GaNetdediamantsémergent.Les

propriétésphysiquessupérieuresdes WBGSclesrendappropriéspourdesapplications

9http://www.cop21.gouv.fr
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decommutationdepuissanceélevée.LesdispositifsSiCainsiquedesdispositifsàbase

deGaNsontdéjàencommercialisation. Lediamant,quandàlui,estaustadedela

rechercheetdéveloppementetestintensivementétudiéeparplusieursgroupesàtravers

lemonde(France,Japon,Etats-Unis,Russie,Espagne,Royaume-Uni...).Plusdedeux

décenniesdeprogrèstechnologiquesconcernantlaqualitédelacroissance,lecontrôledu

dopageetleprocessingontconduitàl’émergencedenouvellespotentialitésentermes

d’applicationsélectroniques.Commelediamantsemiconducteurreprésentelematériau

ultimeenraisondesespropriétésphysiquessupérieures,deseffortsontétéréaliséspour

développerdiversdispositifsélectroniques,telsquedesdiodesSchottky,destransistors

àeffetdechamp,transistorbipolaire,jonctionspin...

Commeconditionpréalableàlamiseaupointdenouveauxdispositifsdepuissanceen

diamantdefuturegénération,d’unepart,ilestnécessairededévelopperdesoutilsca-

pablesd’anticiperlespropriétéélectriquesducomposantainsiquesonarchitectureafin

deprofiterpleinementdespropriétésphysiques.D’autrepart,l’étudeexpérimentaledu

contactdegrille,ladeuxièmebriqueélémentairedutransistor,estfondamentaleafin

dedévelopperdesdispositifsdehauteperformance. Àcetégard,onpeutconsidérer

plusieursquestionsouvertes:(i)lesoutilsdesimulationsont-ilscapablesdeprendreen

comptelesspécificitésdudiamantpourmodéliserlesappareilsélectriques?(ii)l’oxyde

d’aluminiumest-ilappropriépourdévelopperuncontactdegrilledetransistor MOS-

FET?(iii)Sioui,l’interfaceoxyde/diamantest-elled’assezbonnequalité?(iv)lafabri-

cationd’unMOSFETendiamantest-elleunequestiontechnologique?Afinderépondre

àcesquestions,cemanuscritestorganisécommesuit:

Chapitre1:Danscepremierchapitre,lesprincipauxenjeuxpourl’électroniquedepuis-

sanceserontprésentés. Pourlestechnologiesàfaiblesémissionsdecarbone,lessemi-

conducteursàbandeinterditelarge(WBGSc)telsqueSiC,GaNetlediamantjoueront

unrôlefondamentaldanslesapplicationsfutures.Insistersurlespropriétésphysiques

dudiamantaiderontàcomprendrepourquoicematériauestlesemiconducteurultime.

L’étatdel’artdesdispositifsàbasedediamantseraprésentéeenseconcentrantsur

destransistorsàeffetdechamp. Unsujetcomplémentairepourledéveloppementde

nouveauxcomposantd’électroniquedepuissanceendiamantestl’anticipationdespro-

priétésélectriquesdel’appareiletdel’architectureducomposantgrâceàdeslogiciels

desimulationàbased’élémentsfinis. Ainsi,lanécessitéd’unesimulationfiableseront

présentés.
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Chapitre2: Lesprincipaux modèles misen¡uvredanslesoutilsdesimulationsera

présentéetlespropriétésélectriquesdudiamantserontdonnés.Pourlasimulationdu

transistorendiamantàeffetdechampmétal-oxyde-semiconducteur(MOSFET),l’étude

dedeuxbriquesélémentairesestnécessaire:lajonctionpnetlecontactdegrille.Les

propriétésidéalesduMOSCAPserontprésentéstandisquelajonctionpnserviracomme

basepourlecalibragedesparamètresphysiquesmisesen¡uvredanslelogicielàéléments

finis.

Chapitre3: Cechapitreprésenteralesprincipauxrésultatsconcernantlessimulations

depériphériquesdediamant. Dansunepremièrepartie,lesrésultatssurlasimulation

dejonctionpnserontprésentés. Enparticulier,l’influencedesmodèlesdegénération-

recombinaisonsurlespropriétésélectriquessimuléesdelajonctionpnseradiscutée.En-

fin,lasimulationdespropriétésélectriquesd’unmétal-oxyde-semiconducteurtransistor

àeffetdechampdediamant(MOSFET)seraprésentée.

Chapitre4:Danscedernierchapitre,l’accentseramissurlafabricationetlacaractéri-

sationducondensateurdiamantmétal-oxyde-semiconducteur(MOSCAP).Plusprécisé-

ment,laconfigurationinterfacialedel’interfaceAl2O3/diamantàterminaisond’oxygène

(O-diamant)aétéétudiésenutilisantlaspectroscopiedephotoélectronsàrayonsX.

Lesrésultatsontpermisd’établirlediagrammedebandedel’hétérostructureAl2O3/O-

diamant.Ensuite,lespropriétésélectriquesdelaMOSCAPdediamantserontprésentées.

Enparticulier,l’étudedeladensitédesétatsd’interfaceàrévélél’ancrageduniveaude

Fermiàl’interfaceentrel’Al2O3etl’O-diamant.Enoutre,lescourantsdefuiteàtravers

lacouched’Al2O3serontdiscutésentermesdepiègeagedépendantdelatempérature

assistétunneldetrousdelacouchedediamantàlagrillesupérieurecontact.Enfin,la

caractérisationélectriquedupremierMOSFETO-diamant,effectuéeauNationalInsti-

tuteforAdvancedIndustrialScienceandTechnology(AIST)auJapon,seraprésentée.

Mêmesicettepremièretentativeaéchoué,ilestprometteurpourledéveloppementde

diamant MOSFETdepuisladémonstrationdelaréalisationeffectivedel’appareilest

clairementétabli.

Uneconclusiongénéralesuivraalorsetlesperspectivesdecetravailseradiscutées.



Résumédethèseenfrançais 165

Chapitre1:Lediamantpourlesfuturesapplicationsenélec-

troniquedepuissance

Afind’avoirunmeilleuraperçudesperformancesdes WBGScleurspropriétésphysiques

sontrésuméesdansleTab.4.4.Enparticulier,leSiC,GaNetlediamantontdeplusgrand

champcritiqueetconductivitéthermiquequeleSi.Lediamantest"outrageusement"

meilleurquesesconcurrents.Plusprécisément,sonchampdeclaquageestplusde30

foissupérieuràceluiduSiet3foissupérieureàcelleduSiC,cequiconvientpour

lesopérationsàtensiondeblocageélevée.Saconductivitéthermiquede22 W/cm.K

enfaituncandidatpourdesapplicationsàhautetempérature.Samobilitésupérieure

destrousrendappropriépourlesdispositifsdefonctionnementàhautefréquenceetles

applicationsàcourantélevé.Habituellement,lacomparaisonentrelessemi-conducteurs

duGBMestfaiteparlecalculdelafiguredemérite(FOM),soitlaFOMdeJohnson,

laFOMdeKeyesoulaFOMdeBaligaenfonctiondesapplicationsciblées.

Property [unit] Si 4H-SiC GaN Diamond

Bandgap EG[eV] 1.1i 3.23i 3.45d 5.45i
Dielectricconstant εr 11.8 9.8 9 5.7
CriticalField Ecrit[MV/cm] 0.3 3 2 10
Thermalconductivity λ[W/cm.K] 1.5 5 1.5 22
Sat.driftvelocitye− vs[10

7cm/s] 1.0 2.0 2.2 2.7
Sat.driftvelocityh+ vs[10

7cm/s] 1.0 1.1
Electronsmobility µe[cm

2/V.s] 1500 1000 1250 1000
Holesmobility µh[cm

2/V.s] 480 100 200 2000

Johnson’sFOM JFM[1023Ω.W/s2] 2 911 490 3064
Keyes’FOM KFM[107W/K.s] 9 49 16 215
Baliga’sFOM BFM[Si=1] 1 554 188 23017

Table4.4:Lespropriétésphysiquesdusilicium(Si),ducarburedesilicium(SiC),du
nitruredegallium(GaN)etdudiamantutilisésdansl’électroniquedepuissanceet
lesfiguresdemériterespectives(FOM)(Johnson,KeyesetBaliga).ietddésignent
respectivementbandeinterditedirecteetindirecte. Lesvaleurssontdonnéesà
températureambianteetlesFOMontétécalculésà300Kpourlesélectronsà

l’exceptiondudiamantpourlequellestrousontétéconsidérés.

LediamantestconsidérécommelesemiconducteurultimeencequiconcernelaFOM

calculée(voirTab.4.4). Enthéorie,lediamantdoitêtreadaptéàlahautefréquence,

hautetempératureetlesapplicationsàhautedensitédepuissance. Deplus,soninté-

grationaumoduled’alimentationdevraitréduireconsidérablementlatailledusystème

d’alimentationencollaborationaveclesystèmederefroidissement.Plusprécisément,la
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Figure4.45:Illustrationdel’avantagedeWBGScSientermesdecompromisRons
vsBV[Rouger2015].LesWBGScmontrentlespluspetitesrégionsdecontactainsi

quemincezonededérive(représentéparladoubleflèche).
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Figure4.46:Miseàl’échelledeFig.1.4enconsidérantunetensiondebloquagede1
kV[Rouger2015].ParmilesWBGSc,lediamantestimbattableentermesdetaille.

conceptiond’unsemiconducteurdepuissanceestdéterminéeparl’épaisseurdelacouche

dedérive[Rouger2015].CeciestillustrésurlesFig.4.45etFig.4.46quireprésententre-

spectivementpourunesurfaceconstantel’impactsurlespertesenconductionet,d’autre

part,pourunerésistanceàl’étatpassantdonnéel’impactsurlasurfaceducomposant.
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Aussi,enutilisantunmodèlesimpledecalculdepertetotaldansuncomposant,onpeut

voirl’impactdel’utilisationdes WGBScparrapportauSi,commel’illustrelaFig.4.47.

MêmeaveccetteapprochesimpleetspécifiqueplusréalistesurlarésistanceRonS

l’avantagedes WBGScsurleSiestfrappante.Enoutre,unmodèlesimplifiépourlecal-

culdespertesdecommutationetaétéutiliséFig.1.9.b)donneunaperçudel’avantagede

l’utilisationdediamantpouraugmenterlafréquencedecommutationd’unconvertisseur

depuissance.Cependant,enmêmetempsquelaréductiondelazonedesemi-conducteur,

ladensitédeperteetladensitédecourantaugmente.Ainsi,uneattentionparticulière

doitêtreapportéelorsdelaconceptiondesdispositifsdepuissance WBGSc.

Etatdel’artdelacapacité MOSendiamant

PourrésumerbrièvementlesconnaissancesactuellessurAl2O3/O-diamant MOSCAP,

lesrésultatsdeG.Chicotthèsededoctoratsontprésentés[Chicot2013a].LaFig.4.48

représentelastructureplane MOSCAP.LecontactohmiqueestfaitdeTi/Pt/Auet

l’empilementMOSestAl/Al2O3déposésurlediamantterminéoxygènedopéaubore.

Les20nmd’Al2O3ontétédéposépardépôtdecouchesatomiques(ALD).Lesdétails

surlafabricationpeuventêtretrouvésdans[?].

CommereprésentésurlaFig.4.49,lastructureMOSdediamantpeutêtreutilisésous

dépletionetrégimededéplétionprofonde(miseenévidenceparlegraphique1/C2(V)

deFig.4.49.b))pouraugmenterlatensiondepolarisationdegrille.Deplus,lacapacité

d’accumulationnedépendpasdelafréquencedusignalencourantalternatif,maisle

tronçondelaC(V)caractéristiqueestprononcéeetvariede1kHzà1000kHz. Dans

lemêmetemps,lacapacitéd’accumulationprévun’apasétéatteint.Plusprécisément,

lacapacitéd’accumulationmesuréeétaitde10foispluspetitquelavaleurattendue.

L’originedecettedifférencen’apasétéidentifié,maisseraétudiéedansleprésentou-

vrageenutilisantdesméthodesdecaractérisationdespectroscopied’impédance. Le

comportementd’hystérésisaétéobservésurcedispositif,commeexposédansFig.4.50.

Ceproblèmeseproduitlorsquedeschargesmobilessontprésentsdanslacouched’oxyde.

Ainsi,lespropriétésI(V)dudispositifpeuventêtreinfluencéesparlaprésenced’ions

mobiles.LecourantparrapportàlatensiondegrilleesttracéedansFig.4.50. Dans

lerégimed’accumulation,lecourantpeutêtreaussiélevéeque10−2A.cm−2à-10V,

tandisque,lorsqueladéplétionprofondealieu,lecourantestdel’ordrede10−7A.cm−2
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Figure4.47:Exempledel’optimisationdelazonedesemi-conducteurdanslecas
d’undispositifdepuissanceunipolaireverticaleavec1200V/10A−35kHz−α=
0.5.UnecomparaisonestfaiteentreSi,SiC,GaNetlediamant.a)Uneréduction
danslesRonSsurlesrésultatsdansunezonedesemi-conducteursréduitetune
améliorationdespertesdepuissancedansledispositifd’alimentation.b)Mêmesi
uneaugmentationdelafréquencedecommutation(fWBG =100×fSi)neconduit
pasàuneréductionsignificativedespertesdepuissance,lazonedesemi-conducteurs

estréduite[Rouger2015].
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Figure4.48:a)Al/Al2O3/O-
diamond MOS schematic
view and corresponding
SEMimageandb)cross
sectionshowingthestack

[Chicot2013b].

à10V.Cescourantspeuventêtreexpliquéesparlesvaleursthéoriquesfaiblesattendues

pourlesélectronsettrousbarrièrehauteursàl’interfaceAl2O3/O-diamant[?].Ainsi,

afind’avoirunemeilleurecompréhensiondel’Al2O3/O-diamantMOSCAP,uneanalyse

détailléeaétéeffectuéeaucoursdecettethèsesurleAl2O3/O-diamantheterojunction

caractériseràlafoislaconfigurationdebandeinterfacialeetlespropriétésélectriques

dudiamantMOSCAP.

Figure4.49:a)C(V)characteristicoftheAl/Al2O3/O-diamondMOSCAPforvari-
ousfrequencies.b)1/C2(V)plotshowingconstantslopefordeepdepletionregime
[Chicot2013a]. Measurementswereperformedat300K.The20nmthinAl2O3
layerwasdepositedat100◦CbyALD.Thegatecontactdiameteris200µm.
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Figure4.50:a)HysteresisbehavioroftheC(V)characteristicat100kHzwhen
biasingthestructurefromaccumulationtodeepdepletionandfromdeepdepletion
toaccumulation.b)Current-voltageI(V)characteristicofthedeviceshowingleakage
currents[Chicot2013a].The20nmthinAl2O3layerwasdepositedat100

◦Cby
ALD.

Chapitre2:Propriétésélectriquesdudiamantetconceptdu

MOSidéal

Dansunepremièrepartie,lespropriétésélectriquesdediamantprincipalmisen¡uvre

danslelogicieldesélémentsfinisàbaseontétéprésentés.Plusprécisément,lalargeur

debandedépendantdelatempérature,l’ionisationincomplètedesdopants,latempéra-

tureetlamobilitédépendantdudopageetlesmodèlesdegénération-recombinaison

ontétéprésentés.Laplupartdesdifficultésrencontréesdanslessimulationsdediamants

comptentsurlesfaitsque:i)lavaleurintrinsèqueconcentrationsupportestextrêmement

faibledanslediamantetqueii)lesparamètresGRsontinconnus.Ainsi,desattentions

particulièresdoiventêtrepayésafind’éviterlesproblèmesdeconvergenceetdel’étude

del’influencedesparamètresGRestrequispourlessimulationsdepériphériquesdedia-

mantfiables.Cesmodèlesontétéutiliséspoursimulerunejonctionpndiamantvisant

àre-produiredesdonnéesexpérimentales[Makino2008,Koizumi2013].Lesrésultats

serontprésentésdanslechapitre3.D’autrepart,lasimulationduMOSFETdediamant

(voirsection3.4),baséesurl’expérienceréaliséeàl’AIST(voirrubrique4.6),aexaminé

lesmêmesparamètresquepourlajonctionpnmaisseulementconsidérécommeidéal
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MOScontactdegrille.LadescriptionduprincipedefonctionnementduMOSCAPidéal

esteffectuéedanslaprochainepartiedecechapitre.

Danscettepartie,MOSCAPtravailidéaléquationsprincipalesetfondamentalesontété

présentésetsespropriétésélectriquesontétémisenplacegrâceàl’utilisationdela

notiondegrapheQΨ.Enparticulier,commereprésentésurlaFig.4.51,lachargepar

unitédesurfacedanslesemi-conducteurparrapportàlasurfaceQASCpotentiel(ΨS)

etlacapacitéfonctiondelatensionC(V)estfacilementreconstitué.Cechiffredonne

uneidéedel’ordredegrandeurdeΨbetdelacapacitéd’accumulationattendue,qui

correspondàlacapacitéd’oxydecalculéepourunesuperficiedeA=1.77×10−4cm2et

uneconstantediélectriquerelativedeǫox=9.

Figure4.51:a)ChargeperunitareaQASCasafunctionofthesurfacepotentialΨS
inthediamondMOSCAPcalculatedfromEq.2.36.b)Correspondingcapacitance
vs.voltageidealcharacteristic,withNA=2×10

17cm−3,VFB=-2.5,A=9×10
−4

cm2andǫox=9.

L’anticipationdel’architectureetdespropriétésélectriquesdesdispositifsélectroniquesà

basedediamant,enparticulierMOSFET,nécessiteledéveloppementd’outilsd’éléments

finisàbasedesimulationsquiprennentencomptelespropriétésphysiquesuniquesdu

diamant. Ainsi,lapremièrepartiedecechapitreprésentelesprincipauxparamètres

misen¡uvredansTCADSilvaco. Danslechapitre3,lesmodèlesmisen¡uvreseront

discutéesparlasimulationd’unejonctionpn. L’influencedelatempératuresurles

principauxparamètresseramontréetdiscuté.Enoutre,lasimulationd’unMOSFETde

diamant,surlabasedesvaleursdesparamètresimplémentéesutiliséslorsdessimulations

dejonctionpn,aétéeffectuée. Danscetteétude,lecontactdeporteaétéconsidéré
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commeidéal,àsavoirl’oxydeestparfaitentermesdecomportementisolantetdefrais

fixes. Cependant,lespropriétésélectriquesd’untransistor MOSFETsontinfluencées

parlaqualitédesonélectrodedegrille.Ainsi,ladeuxièmepartiedecechapitredécrit

lespropriétésdelaMOSCAPidéal,lapartielapluscritiqueduMOSFET.MOSCAP

réel,encore,peutmontrerdesanomaliesliéesàlaprésencedesétatsd’interfaceàl’oxyde

/semiconducteurinterfacecommeilestlecaspournotreMOSCAPAl2O3/O-diamant.

Afind’étudierlastructureAl2O3/O-diamant,chapitre4seraconsacréeàl’étudedela

nouvelleAl2O3/O-diamantarchitectureMOSCAPpermettantdépôtdecoucheatomique

à250◦C.L’alignementdelabandedehétérostructureetlespropriétésélectriquesde

laMOSCAPdediamantsfabriquésserontprésentésetdiscutésentermesdeMOSFET

fabrication.Enoutre,aucoursd’unséjourdequatremoisàl’Institutnationaldescience

industrielleavancéeetdelatechnologie,lacaractérisationélectriqued’unMOSFETde

diamantaétéeffectuéeetlesrésultatsserontprésentésàlasection4.6.

Chapitre3: Modélisationdecomposantsélectroniquesendia-

mant

Danslaperspectivedel’optimisationdel’architectureetdeprédirelescaractéristiques

électriquesdefutursdispositifsdepuissancedediamant,lamiseen¡uvredesparamètres

physiquesetdesmodèlesdediamantdansleslogicielsàbased’élémentsfinisTCADest

nécessaire.

Danscecontexte,Rashidetal.[Rashid2008]ontmodéliséun1DdiamantSchottkyde

intrinsèque-ple+(mi-p+)diodeetétudiélamodepassantetboquéJ(V)caractéris-

tiquesdelastructure.Lesauteursontprésentélesmodèlesmisen¡uvreetasoulignéle

manquededonnéesinhérentesauxmatériauxdediamantainsiquelesdifficultésrencon-

tréespoursimulercouchedediamantintrinsèquepuisquelaconcentrationdeporteurs

intrinsèquesestdel’ordrede10−27cm−3à300K.Ilsonttrouvédebonnescorrélations

entrediodeSchottkysimuléetexpérienceJ(V)caractéristiques.L’architectured’untel

dispositifunipolaireaégalementétéétudiéparThionetal.[Thion2011].Lesauteurs

ontétudiél’effetd’uneplaquedechampsurladistributionduchampélectriquedansla

structuremontrantl’importancedesimulationnumériquespouroptimiserl’architecture

dudispositif.Nawawietal.[Nawawi2011]ontmodélisélescaractéristiquesstatiqueset
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transitoiresd’unediodeSchottkydiamantafindedémontrerlepotentieldesdispositifs

unipolairesdediamantpourdesapplicationsd’électroniquedepuissance. Cependant,

uneapprocheplussystématiquepourlamodélisationdedispositifsdediamantsoitunipo-

laireoubipolaireestnécessaire.Puisquelatechnologiedudiamantestencoretrèsjeune,

ilyaunmanquedevaleursdeparamètredanslesoutilsnumériques.Danslaperspective

demodéliseravecprécisionles MOSFETdediamants,ilestd’uneimportancefonda-

mentalepourmettreen¡uvrelesvaleursphysiquesdesparamètresdediamant(impact

coefficientsd’ionisation,duréedeviedesporteurs)etdesmodèlesdemobilitédansles

simulateursdel’appareil,surunelargeplagedetempérature.Ainsi,l’étudedesblocsde

constructiondediamantMOSFET,voicilajonctionpn,estnécessaire.

Danscechapitre,lesvaleursdesparamètresphysiquesdediamantontétémisesen

¡uvredansSilvacoTCADélémentsfinislogiciel[?]. Lesmodèlesmisesen¡uvreont

ensuiteétéappliquéesàunejonctionpndiamant,desdonnéestiréesde Makinoetal.

[Makino2008]etKoizumietal.[Koizumi2013]. Cesréférencesontétéutiliséspour

comparerlesvaleursetlesmodèlesdeparamètresmisen¡uvre. Dansunepremière

partie,lesmodèlesnumériquesserontdécrits.Ensuite,lescaractéristiquesdelajonction

pndiamantsimuléesserontprésentés.L’influencedelatempérature,laduréedeviede

Shockley-Read-HalletlesparamètresderecombinaisonAugersurlesdensitésdeporteurs

etsurlescaractéristiquesJ(V)seraaffiché.Enoutre,lespropriétésélectriquesd’une

structuresimple MOSFETplanserontprésentésetdiscutés. Nousconcluronssurles

perspectivesetlesprincipalesdifficultésenraisondumanquedevaleursetdemodèles

deparamètresmisen¡uvredanslesoutilsdesimulationnumérique.

Modélisationd’unejonctionpn

Propriétésélectriquesetélectroniquesdediamantjonctionpnontétésimuléespourla

premièrefoisenutilisantunlogicielbaséSilvacodesélémentsfinis. Enraisond’un

effetdegrandeénergied’activationdanslesystèmeàgrandelargeurdebandeinterdite,

concentrationdeporteurschangéengrandepartieàl’étatd’injectionbasavecunetension

depolarisation.Unefoisquelaconditiond’injectionchangéenmodehauteinjection,la

bandedeflexionaétépréditeseproduiremêmedanslazoneneutreencouchedetype

n.Courant-tensionsimulée(J(V))caractéristiquesensupposantsimpleempilagep-n

structuredejonctionavecNA=4×10
17cm−3àlacouchedetypepetND=2×10

19cm−3
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Figure4.52:FitoftheexperimentalJ(V)characteristicreportedin[Koizumi2013],
at300KwithacontactresistanceRcontact=10Ω.cm

2andτ=τSRHp =τSRHn

=2×10−10s. Thisvalueiscalculatedaccordingtothediffusionlengthofholes
reportedbyKatoetal.[Kato2013]usingLh=

√
Dτ,whereDisthediffusion

coefficient,D=kBTµ/q.TheidealityfactornoftheexperimentalI(V)is3.5.

pourletypen+coucheontétécomparésaveclesdonnéesobtenuesexpérimentalement.

Limitedetensiondepolarisationentrebasseethauteétatd’injection,Ψbi=4,7eV,

étaitbienreproduit.Cependant,unegrandedifférencen’aétéobservéeentrelesrésultats

simulésetlesdonnéesobtenuesexpérimentalementsurleniveauactuelabsolueetlapente

deJ(V)courbeétaientgrandes,mêmeenconsidérantlesmodèlesderecombinaisonde

SSRetAuger. Celasignifiequelesautresfacteursinconsidéréstelsquelarésistivité

decontactohmique,porteusedetunnelsetdéfautscristallinscontribuefortementàla

J(V)caractéristiquesdejonctionpndiamantsrestent. Cependant,ilestpossiblede

prédirelacaractéristiquedeclaquagedelajonctionpnquiestévaluéepourarriverà

unetensiondepolarisationinversede225V.Enoutre,lefacteurimportant,telsque

lamobilitédesautdoitêtrepriseencompte. Decettefaçon,lamobilitédesauta

étéexécutédanslesoutilsdesimulation.Cetravailestmotivéparlenombrecroissant

d’appareilsdediamantsquiaémergéaucoursdesdernièresannées.Récemment,ilaété

démontréquelesdifférentsrégimespeuventêtrecontrôlésdansuncondensateurMOS[?

]ouvrantlavoiepourlafabricationd’untransistoràeffetdechampMOS.Ainsi,ilest

fondamentaldeprévoiraussiprécisémentquepossiblelescaractéristiquesélectriquesde

cefuturdispositifdediamantainsiquesonarchitectureafindefabriquerdesdispositifs

depuissancemontrantperformancesélectriquesexceptionnelles.
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Modélisationd’untransistor MOSFET

Lastructureestcomposéedequatreterminaux,lasource,ledrain,lagrilleetlaporte

arrièreavecdesdimensionsrespectivesde1µm,3µmet18µm,cequipermetséparée

contrôledelapartiesupérieureetdevannesdefondpotentiels. Toutefois,dansla

présenteaffaire,laportearrièrecontactestcourt-circuitéavecl’électrodedesourceet

laterrecommeunpotentielderéférence. Lecontactdegrillechevauchelasourceet

ledraindetypen+régionde0,1µm,demanièreque,lorsquelecanald’inversion

sedéveloppe,pasderésistanceensériesupplémentaireapparaîtdufaitdelarégion

noninversée. Cettestructureal’avantaged’êtrenormalementouvertenraisondela

présencedesdeuxdosàdosn+-pjonctionsavechaut-potentieldel’ordrede4,7

V.Laconcentrationendopagedescontactsdesourceetdedrain(n+-diamantde

type)étaitmisà1020cm−3etl’espacemententreeuxestde2,8µm,cequicorrespond

àlalongueurdecanald’inversiondeL. Afindesimplifierl’étude,lemécanismede

conductiondesautaéténégligée.L’effetdesauterdanslacouchedetypen+serait

unediminutiondelarésistancedesdeuxcontactssourceetdrain[Oyama2009]. Les

propriétésdel’appareilsontprincipalementdéterminéesparlespropriétésducanal(NA

etL)etl’épaisseurd’oxyde.Danslaprésenteétude,lalongueurdecanalLaétéchoisie

pourêtreconstante.Enfin,lesperformancesMOSFETontétéétudiéesparrapportàde

typepconcentrationdedopageND,l’épaisseurdel’oxydeetdelatempératureT,dox.

L’effetdecesparamètressurlespropriétésélectriquesdelasimulationplaneinversion

diamantMOSFETseradiscutédanslaprochainesection.

Fig.4.54.a)montrel’IDSvsVGSextraitedel’IDSvsVDScalculcaractéristiqueàdes

températuresallantde300Kà600K.Latempératureinflueprincipalementleniveaude

courantdansletransistor.Enfait,quandonaugmentelatempérature,laconcentration

deporteursintrinsèquesaugmente.

Afindeprédirelacaractéristiquederépartitiondelafuture MOSFETdediamant,

plusieursparamètresdoiventêtreprisenconsidération. Toutd’abord,lacouchede

diamantconcentrationdedopagedetypepdéterminelemaximumVDSquelep-n+

jonctionpeuventsupporter.Parexemple,enconsidérantunchampélectriquemaximale

declaquagede10MV.cm-1pourlediamantetunerégioncomplètementdéchargéede

3µm(pourlecasnon-punch-through),onpourraits’attendreàunVDSmaximumde
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1500Vpourlep-n+jonctiontensiondeclaquage. Deuxièmement,cetteconcentra-

tiondedopageseraégalementinfluencerledéclenchementparasiteduparasiten+n

+-p-transistorbipolaireaucoursdelaMOSFETéteindre[Simonot2011].Cemécan-

ismeprovientd’uneaugmentationlocaledupotentieldanslastructurequiconduitàla

tourdeparasitedutransistor.Enfin,l’épaisseurd’oxydeseraprincipalementinfluencer

18 µm 

L = 2.8 µm 
4 µm 

1 µm 

1 µm [P]=1020 cm-3 

p-type diamond [B] = NA 

[P]=1020 cm-3 
Al2O3 

Back gate 

Source Gate Drain 

VGs VDs 

3 µm 1 µm 

dox 

x 

y 

Figure4.53:StructureofthesimulatedplanarMOSFET.TheSourceandBackgate
contactareshortcircuitedandgrounded.

Figure4.54:a)TransconductancecharacteristicIDS vs.VGS forVDS =1V,NA
=1015cm−3,tox=20nm,simulatedfortemperaturesrangingfrom300Kto600

K.b)Correspondingthresholdvoltageasafunctionoftemperature.
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latensiondeseuildutransistor MOSFET.Cependant,savaleurdétermineégalement

lapolarisationdegrilleVGSmaximaleapplicableaucontactdegrilleavantclaquage

d’oxyde.Atitred’exemple,siAl2O3estàconsidérercommeunoxydedegrillepourle

transistorMOSFETavenirdediamant,unmaximumdechampélectriqueappliquépeut

êtredel’ordrede7MV.cm-1[Yota2013].

Figure4.55:a)IDSvs.VDScharacteristicofthesimulateddiamondMOSFETwith
VGS=0VandT=300K.InthisVDS range,duetotheverylowintrinsiccarrier
concentration,theleakagecurrentsareextremelysmall.b)Electricfieldattheoxide

surfacenearthegatecontact,withVDS =2,10,50and200V.

Lescaractéristiquesdeblocagedelastructuredediamant MOSFETontétéobtenus

paraugmentationdelatensiondedraintoutenmaintenantunepolarisationdegrille

nullepouruneépaisseurdecouched’oxydede200nm,uneconcentrationdedopage

detypepde1015cm−3etunetempératurede300K,donnantunetensiondeseuilde

2,7V.Cechoixestmotivéparlacomparaisonàl’commercialementdisponible1200V

SiC MOSFETdepuissance[CREE]. Lespropriétésdedégradationdediamantsont

étéprisesencompteparlemodèled’ionisationparimpactétudiédanslasection3.3.2.

CommelemontreFig.4.57.a),latrèsfaibleconcentrationdeporteursintrinsèquesdans

lediamant,induitunnégligeableducourantdefuiteàlatempératureambiante.Cela

signifieque,enthéorie,lebiaisVDSDrain-Sourcepourraitêtreaugmentéàdesvaleurs

encoresupérieuresà200VpourunestructureplanedeMOSFETsimple.Toutefois,il

fautconsidérerlechampélectriqueconstruireentrelesélectrodesdrainetdegrille.En

fait,commemontréparFig.4.56,quireprésenteladistributionduchampélectriquedans

lasimulation2DdiamantMOSFET,lerenforcementduchampélectriqueseproduitau
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niveaudubordducontactdegrille.Unelignedecoupesimpleàlasurfacedelacouche

d’oxyde,oùlechampélectriqueestmaximale,révèlequelechampélectriquepeutêtre

aussiélevéeque13MV.cm−1pourunetensiondepolarisationdeVDS=200V,comme

représentésurlaFig.4.56.b).Detouteévidence,cettevaleurextraitesetrouveplusque

leschampsdedécompositionmaximalesAl2O3rapporté[Kawakami2005,Yota2013].

EneffectuantlasimulationdeMOSFETdediamantpourlapremièrefoispermisd’estimer

lecomportementélectriqueidéaldecettestructureplanesimpleàlafoissurl’étatet

OFF-sate.Lesmodèlesdediamantsmisen¡uvreontétéprisesencomptepourlasim-

ulationdejonctionpnprésentédanslasection3.3.Lespropriétésducanal(NA),de

températureetdecontactdegrillecapacité(partox)influencessurlesIDSvsVGS

caractéristiquesontétéétudiées. Enparticulier,l’effetdelatempératuresurlaten-

siondeseuiln’apasétéreproduite. D’autrepart,l’épaisseurd’oxydeétaitl’influence

attenduesurlatensiondeseuil. Unecaractéristiqueparticulièreestmiseenévidence

lorsquel’onétudiel’effetdelaconcentrationdedopagedetypepdecanalsurlespro-

priétésélectriquessimulédiamant MOSFET:larésistanceducanalaugmentantavec

l’augmentationdelaconcentrationdedopage.L’analyse2Doffreunenouvelleperspec-

tivepourlasimulationdedispositifdediamant.Enfait,l’effet2Dspécifique,telque

leslignesd’écoulementdecourant,lechampélectriqueetlesdistributionspossiblespeut

êtreconsulté.Iltémoignequel’améliorationdechampélectriquealieuprèsdubord

decontactdegrille. Cependant,leslimitationsduesàl’absencedeparamètresmisen

¡uvreempêchentdemodélisationdelarépartitiond’oxydedegrille,commeentémoigne

leniveauexcessivementélevédechampélectriquedanslacouched’oxyde(prèsde10

MV.cm−1).Ainsi,l’effortavenirdoitêtremenéepourmodélisercorrectementlarupture

diélectrique.Commecedispositifestenvisagépourl’avenirdel’intégrationdudispositif

depuissance,l’enquêtesurlecomportementdynamiqueestégalementd’ungrandintérêt.

Enfin,lastructuredediamantMOSFETétudiéamontréqueleclaquageélectriqueétait

beaucoupplusfaiblequelalimitedediamantattendu.Ainsi,denouvellesstructuresde

l’appareildoiventêtreexploréesafindeprofiterdetoutlepotentieldediamantpourdes

applicationsdedispositifsdepuissancedelaprochainegénération.

DeuxexemplessontdonnésdansFig.4.58,oùlesarchitecturesspécifiquessontmisesen

évidenceàobteniruncomportementélectriqueappropriée.Lagéométrieenformede

V[Lane1980]proposédansFig.4.58.a)al’avantaged’êtreundispositifvertical,oùla

couchededériveetdonclespropriétésdedégradationsontcontrôléesparlacouchede
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Figure4.56:Electricfielddistributioninthesimulated2DdiamondMOSFETforan
oxidethicknessof200nm,ap-typedopinglevelof1015cm−3andatemperature

of300Kata)VDS =50Vandb)VDS =200V
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diamantdopéauborelégèrementlitéetl’épaisseurlité. D’autrepart,lagéométrie

proposéedansFig.4.58.b)représenteun MOSFETdepuissanceavecunplan-région

dedérivedetypesurlecôtédevidange. Mêmesiplu-sieursdéfisdoiventêtreabordés

avantlaréalisationréelledel’appareil,cesstructurespourraientêtreenvisagéespourles

futursdéveloppementsdediamantMOSFET.

Metallic contact 

Phosphorous doped  
diamond 

Gate oxide 

Lightly Boron doped 
diamond 

Heavily Boron doped 
diamond 

Protection dielectric 

Gate 

IIb (001) HPHT 
Drain 

Source Source 

a) b) 

n- 

Source 
Gate 

Drain 

IIb (001) HPHT 

Back gate 

Figure4.58:PotentialdiamondMOSFETstructuresenvisionedfornextgeneration
powerdeviceapplications.

Danscechapitre,lespropriétésélectriquesdesdeuxdispositifsdediamantsontété

étudiés.Toutd’abord,lasimulationdespropriétésélectriquesd’unejonctionpndiamant

aétémenéepourvérifierlesmodèlesmisen¡uvreetl’effetdelavaleurdesparamètres

surlespropriétésélectriquessimulées.Desécartsimportantsontétéobservésentreles

résultatsdesimulationetlesdonnéesexpérimentales.Celasignifiequed’autresfacteurs

telsquelarésistivitédecontactohmique,porteusetunnel,défautscristallinsetdesmod-

èlesspécifiquespotentiellementgénération-recombinaisonpourlediamant[Makino2012]

contribuefortementàl’appareildediamantcaractéristiquesélectrique. Cesfacteurs

doiventêtreétudiéspourlesfuturessimulationsdepériphériquesdediamant.

D’autrepart,lasimulationdelastructuredediamanten2DMOSFET,enprenanten

comptelespropriétésspécifiquesdudiamant,apermisd’étudierl’effetdelaconcen-

trationdedopagecanal,delatempératureetdel’épaisseurd’oxydesurlespropriétés

électriquessimulées. Enparticulier,cessimulationsmontrentquele MOSFETsimulé

estpasappropriéentermesd’applicationsdepériphériqueshautepuissance. Comme

représentésurlaFig.4.59,quiprésentelarésistancespécifiqueenfonctiondelatension

declaquage,lasimulationlastructureprésenteplusieursinconvénients.D’unepart,len

+-pjonctionpunch-throughseproduitàunetensiondepolarisationdeseulement290

V,cequiest,d’autrepart,surl’oxydepercéesabaisseurdetensionde140V.Enfinde

compte,mêmeavecuneventilationélevéetensionde1500Vpourlen+-pjonction,

cettestructuredetransistorMOSFETdediamantaunebaissedesRons/BVfigurede
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mériteàlalimiteSicalculé[Baliga2012].Enconséquence,lesarchitecturesspécifiques

doiventêtredéveloppéspourprofiterdufortpotentieldudiamantpourdesapplications

dedispositifsélectroniquesdepuissancefuture.

Figure4.59:Specificon-resistanceasafunctionofthebreakdownvoltage.TheSi
limitiscalculatedthroughBaliga’slawasRonS=8.37×10

−9·BV2.5[Baliga2012].

Chapitre4:Fabricationetcaractérisationdecapacitémétal-

oxyde-semiconducteurendiamant

Danscechapitre,lesétapesdefabricationmenantàlaréalisationdesAl2O3/O-diamant

condensateursmétal-oxyde-semiconducteurpseudo-verticale(MOSCAPs)sontdécrits.

Unepremièreétapedecroissanceépitaxialedelacouchedetypep+etlacouche

detypepestréaliséeàpartird’unIbHPHT(001)substratendiamant. Ensuite,la

définitiondelastructuremesaestréaliséeavecl’utilisationd’unplasmad’oxygènepur

parICPgravure.Lecontactohmiquesontainsidirectementdéposéesurledessusde

lacouchedetypep+dudiamant. LalumièreUVsousvide/traitementàl’ozone

[Teraji2009]résultatsdanslaterminaisondel’oxygènedelasurfacedudiamantavant

ledépôtdecoucheatomiquedelacouched’Al2O3à250◦C.Enfin,lecontactdegrille

estdéposé.Fig.4.60montrelavueencoupeschématiquedel’échantillonavecuneimage,
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oùlecontactohmique,lesmétal-oxyde-semiconducteur(MOS)etdescontactsdumétal-

isolant-métal(MIM)contactssontreprésentés.

p+-layer 

Ib HPHT diamond substrate 

p-layer 

3 mm
 

MOS  
contacts 

Ohmic 
contacts 

MIM 
contacts 

Figure4.60:Schematiccrosssection(left)ofthefabricateddiamondMOSCAPand
thecorrespondingactualdevice(right).

Laconfigurationdelabandeinterfacialedel’hétérostructureAl2O3/O-diamantétait

étudiésparspectroscopiedephotoélectronsX(XPS)effectuéeauLaboratoiredesTech-

nologiesdelaMicroélectronique(LTM)deM.AoukaretC.Vallée.Cetteétudepermet

d’établirlediagrammedebanded’énergiedelastructureAl2O3/O-diamantgrâceàla

mesuredudécalagedebandedevalence[Maréchal2015].Lacaractérisationélectriquedu

MOSCAPAl2O3/O-diamantenutilisantdesméthodesdecapacitéetdelaconductance

arévélélaprésenced’unefortedensitéd’étatsd’interfacerésultantdanslebrochage

duniveaudeFermiàl’interfaceempêcherla MOSCAPpouratteindreaccumulation.

Néanmoins,lesrégimesd’épuisementetdel’épuisementprofondsontatteints.D’autre

part,lescourantsdefuiteontétéobservésdansledispositifetétudiésentermesde

piègedépendantdelatempératureassistétunneldetrousdelacouchedediamantà

l’électrodedegrillesupérieure. Ladivergenceentrelesdonnéesexpérimentalesetle

modèlethéoriqueestliéeàlaprésencedutroudel’injectiondelacouchedetypep+,

cequientraîneuneuneconcentrationplusélevéedetroudanslacouchedetypep,bien

supérieureàlaconcentrationàl’équilibre[Muret2015].

AfindesoulignerlecontextedediamantMOSCAP,unbrefexamenseraeffectuémon-

trantles25dernièresannéesd’effortsverslaréalisationdedispositifsdetravail.Ensuite,

lesétapesdefabricationdel’appareilétudiédanscetravailserontaffichés.Lediagramme

debandeobtenueàpartirdel’analyseXPSseraétablietlesrésultatsdelacaractérisa-

tionélectriqueseradiscuté.Enfin,lacaractérisationd’unMOSFETdediamanteffectué

pendantunséjourdequatremoisenAIST(Tsukuba,Japon)seraprésenté.
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Figure4.61:a)Schematicviewofthehome-madeNIRIMtypeMPCVDreactor.b)
Pictureofthegrowthchamber[Fiori2012].

DeuxétapesdecroissancedudiamantCVDsuccessivesontétéréaliséespourproduire

un470pnmd’épaisseur+detypecouchedediamantsurledessusdelaquelleun

nmcouchedediamantdetypep590épaisseaétédé-posé. Lacouchedetypep+

diamantaétéréaliséeenutilisantunmélangegazeuxdeméthane([CH4]/[H2]=4%),

dudiborane([B]/[C]=1200ppm)etdel’hydrogèneàunepressionde33Torret

unetempératurede830?Cpouruneduréedecroissancede15min.Lamorphologie

delasurfaceétudiéeparprofilométrieoptiquearévéléunecoucheépitaxialedehaute

qualitéavecunerugositémoyennede0,22nmetRoot MeanSquarede0,27nm. La

couchedediamantdetypepestréaliséeenutilisantunmélangegazeuxdeméthane

([CH4]/[H2]=1%),dudiborane([B]/[C]=600ppm),d’oxygène([O2]/[H2]=

0,25%)etdel’hydrogèneàunepressionde33Torretunetempératurede910◦Cpour

uneduréedecroissancede45min.Cesconditionsdecroissanceconduisentàunehaute

qualitédediamantcoucheépitaxiale,commedémontréparlarugositédesurfaceetRoot

MeanSquare,mesuréeparprofilométrieoptique0,46nmet0,82nmrespective-ment

signifier.Danslasectionsuivante,lesétapestechnologiquespourproduireleMOSCAP

dediamantserontdécrits.

Lescontactsohmiquessontréaliséespardépôtd’unempilementmétalliqueTi/Pt/Ausur

lacouchedediamantfortementdopéeaubore.Lesdifférentesétapesdelafabrication

decontactsohmiquessontrésumésdansleFig.4.62.

Laterminaisonoxygènedelasurfacedediamant(O-diamant)estobtenueeneffectuant

untraitementàl’ozone,unepremièretechniqueproposéeparTerajietal.[Teraji2008,

Teraji2009]. Cetteméthodeestbaséesurl’expositiondel’échantillonàl’ultraviolet

profonddelalumièredansl’atmosphèred’oxygène. Unelampeàxénoncentréeà172
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Figure4.62:Schematicdescribingtheohmiccontactsfabricationprocess.

nmsertdesourcedelumièreUV.Enintroduisantl’oxygènedanslachambre,l’ozone

estproduitetl’oxygènesaturelasurfacedediamantavechydroxyle(COH),lesorgan-

isationsdel’éther(COC)etcarbonyle(C=O)[Boukherroub2005,Hoeb2010]. Ce

traitementadémontréunegrandeefficacitédanslapassivationdesurfaceetdansle

contrôledespropriétésélectriquesdediodesSchottkydiamant[Teraji2009,Fiori2014?

]. Danslapratique,leséchantillonsdediamantsontétéintroduitsdansunechambre

sousvidesecondaire.Ensuite,l’oxygèneaétéintroduitsousunepressionde500mbar

etexposéàlalumièreUVpendant90minutesàtempératureambiante.Justeaprèsle

traitementparlalumièreVUV/ozone,l’oxyded’aluminiumAl2O3estdéposépardépôt

decouchesatomiquesenutilisantunsystèmeSavannah100deCambridgeNanoTech.

Cetteméthodeconsisteenuneexpositionséquentielledelasurfacedel’échantillonà

différentsprécurseurs,àsavoirtriméthylaluminium(TMA),etl’eaucommeunoxydant.

Laduréedel’impulsionetdel’expositionétaitde30set15ms,respectivement. La

températureaétérégléeà250◦Cetpressiondebasetypiqueétaitde1,3×10−1Torr.

Unnombretotalde200cyclesontétéeffectuésetl’épaisseurdelacouched’Al2O3a

étémesuréeparellipsométriespectroscopiquedonnantuntauxdépositionde0,1nm/
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cycle,résultantenunecoucheépaissede20nm.Ensuite,uneétapedelithographielaser

estnécessairededéfinirlescontactsdegrilleau-dessusdelacouched’oxyde,suiviepar

undépôtparfaisceaud’électronsdeTi/Pt/Auempilementdegrilleetleprocédé

delift-offstandard. Enfin, MOSetdescondensateurs MIMsontdéfiniessurlemême

échantillon,cequipermetlacaractérisationindépendantedel’Al2O3couchediélectrique

(MIMCAP)etMOSCAPsAl2O3/O-diamantcommereprésentésurlaFig.4.63.

a) Ozone treatment b) Al2O3 atomic layer deposition  

c) Laser lithography  
process 

d) Ti, Pt, Au deposition  
and lift-off 
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O3 
O* 

O2 O3 O* O2 
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MIM MOS 

Top view 

Figure4.63:SchematicdescribingtheMOScontactfabricationsteps.

LesMOSCAPsdediamantpseudo-verticaleontétéfabriquésenutilisantdestechniques

dedépôtetdudécollagestandard. Unepremièreétapeconsistantàdéfinirlastruc-

turemesasurl’échantillonaétéeffectuéesuivieparledépôtetlerecuitdescontacts

ohmiques.Terminaisondel’oxygènedelasurfacedudiamantaétéréaliséeenutilisant

un/traitementàl’ozonelumièredansl’ultravioletlointainavecunepressiond’oxygène

de500mbarpendant90minàtempératureambiante.Le20nmporteAl2O3diélec-

triqueaétédéposésurlasurfaceO-diamantenutilisantcoucheatomiquepositionde

dé-(ALD),etladéfinitionducontactdegrillesuiviepourproduirelediamantfinale

MOSCAPpseudo-verticale.Danslasectionsuivante,lesrésultatssurXSpectroscopiede

photoélectrons(XPS)desmesuresserontprésentées.Cetteétudeapermisdedéterminer

laconfigurationdudiagrammedebanded’énergiedelastructured’interfaceAl2O3-/O-

diamant.



Résumédethèseenfrançais 187

XPS

TroiséchantillonsontétépréparéscommeillustrésurlaFig.4.11. Toutd’abord,une

finecoucheALD-Al2O32nmdéposéeà250
◦CsurIbHPHTO-diamantaétépréparé

(voirlasection4.3.2.2pourplusdedétails). CettecoucheapermisauxXPSSignal

sortantdelasurfacedel’échantillon,identifiantainsil’énergiedeliaisonentrelasurface

O-diamantetlacouched’Al2O3. Undeuxièmeéchantillond’unecouchedeAl2O3de

20nmd’épaisseurdéposéedanslesmêmesconditionsquelepremieraétépréparésous

formedecalibragepourlesatomesd’Alenvrac.Enfin,unoxygèneterminééchantillon

dediamantaétépréparé. Cetexemplepermetdedéterminerl’énergiedeliaisondes

atomesdecarbone.

Ib HPHT (001) diamond substrate 

Ib HPHT (001) diamond substrate 

Ib HPHT (001) diamond substrate 

O O O O O O O O O O O O O O 

H H H H H H H H H 

Al2O3 
(2 nm) 

Oxygen terminated  
diamond 

Al2O3 
(20 nm) 

#1 

#2 

#3 

Figure4.64:SchematiccrosssectionofthesamplespreparedfortheXPSanalysis.

Lemaximumdebandedevalence(VBM)estextraitparextrapolationlinéaireàl’ajustement

del’axexetsont3,20ś0,2eVet2,07eVpourś0,2Al2O3etO-diamantrespectivement.

TouteslesénergiesdeliaisonpertinentesextraitessontrésumésdansTab.4.5.

O-diamond Al2O3 Al2O3
(2nm) (20nm)

C1s C-C 284.32 284.2
CHx 284.93
C-Al 284.08
C-O-C 285.90
C=O 287.20

Al2p3/2 Al-O 74.32 74.35

O1s 530.60 530.46 530.69
VBM 2.07 3.20

Table4.5:C1s,Al2p3/2andO1sbindingenergies(eV)ofthecorelevelspectra
fortheO-terminateddiamond,the20nmAl2O3and2nmAl2O3samples. The
valencebandmaxima(VBM)wererecordedfortheO-terminateddiamondandthe

20nmthickAl2O3
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Egox = 7.4 eV 
Egsc = 5.5 eV 

Al2O3 O-diamond 

EV 

EC 

ΔEv = 1.34 eV 
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Al 2p3/2 

C 1s 

(ECL-EVBM)Al2O3 

Figure4.65: Schematicen-
ergybanddiagramofthe
Al2O3/O-diamondwithTiin
contactwiththeoxidelayer,
deducedfromXPSmeasure-
ment.Thevalencebandoff-
setis1.34± 0.2eVand
theconductionbandoffset
is0.56±0.2eV.Theoxide
bandgapvalueistakenfrom

[Kim2006].

Laconfigurationdelabandeinterfacialedel’Al2O3/O-diamantaétéétudiéeenutilisant

Xspectroscopiedephotoélectrons(XPS)demesures.Enparticulier,labandedevalence

discontinuitéentrelabandeAl2O3devalenceetlabandedevalenceO-diamantest

déterminéesêtre∆Ev=1,34ś0,2eVetladiscontinuitédebandedeconductionest

calculécomme∆Ec=0,56ś0,2eV,entenantcomptedelalargeurdebandedeAl2O3

de7,4eV[Kim,2006].UnelargeurdebandeinterditepluspetitedeAl2O3setraduirait

parunebarrièrepourlestrouspluspetits.Ainsi,ledéveloppementdelacouched’Al2O3

dehautequalitéestnécessairepouratteindredesvaleursélevéesdel’écartdebande,

telsque8,8eV[Robertson2000].Enconclusion,MOSAl2O3/O-diamantpourraitêtre

appropriépourledéveloppementdenormalementouvertàcanalP MOSFET,depuis

confinementdestrousàl’interfacepourraitêtreréaliségrâceàlabarrière∆Ev.Le∆Ev

inférieure=1,34ś0,2eVencasd’Al2O3/O-diamantquedanslecasdel’interface

Al2O3/H-diamant(∆Ev=2,9ś0,2eV[Liu2012]),quiétaitattendu,mêmesiune

applicationrigidedela?d’affinitéélectroniquedifférenceconduitàunevaleurde0,8

∆Ev=eV.Al’opposé,lecanaldetypensetraduiradansunetroppetitebarrière(∆Ec

=0,56ś0,2eV)entrelesbandesdeconductiondeAl2O3etO-diamant,sil’hypothèse

d’unintervalledebanded’énergiede7,4eV[Kim2006]. Ainsi,gAl2O3neserapas

efficacepourconfinerlesélectronsetlesMOSFETcanalNdetypenefonctionnerapas

enutilisantcetteinterface.
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Propriétésélectriques

LaméthodedeTermanestbasésurlamesuredelacaractéristiquehautefréquenceC

(V)d’un MOSCAPquiestéquivalentaucircuitàhautefréquencedeFig.4.66. Dans

cerégime,lespiègesd’interfacenepeuventpasrépondreausignaldecourantalter-

natifvariantrapidement,maispeuventsuivrelapolarisationcontinuelentementvari-

able[Schroder2006]. Lesétatsd’interfaceserontfacturéslorsqueleniveaudeFermi

vabalayerleniveaud’énergieàl’interface. Dansnotrecas,lachargepositiveappa-

raîtàl’interface,engardantlesemi-conducteurdansl’épuisement.Ilenrésultedansle

tronçondelacourbeC(V),undécalagenonparallèledelacaractéristiqueC(V)lelong

del’axedepolarisationdegrille.Commelaseuledifférenceentreunidéaletunecourbe

expérimentaleC(V)estfourniàpartirdelaprésenced’étatsd’interface,àcondition

quelabandederecourbementpeutêtrecommandéetestlemême,unecomparaison

directepermetd’extraireladensitéd’étatsd’interface.Laprocédureconsisteàextraire

ladifférencedetensionpourunecapacitéconstante

Fig.4.66montrelacomparaisonentrelahautefréquenceC(V)avecl’unthéoriquecal-

culée,ajusterlaconcentrationdedopagedelaparcelle1/C2à2,3×1017cm−3etla

tensiondebandeplatede-7,1Vtelsquelaprofondeurappauvrissementexpérimentale

etlescaractéristiquesthéoriquescorrespondance.L’insertmontreunzoomoùleAVest

misenévidence.De-8Và-6V,AV,grâceàl’interfaceétatsderéponse,estmesurable,

cequiestpaslecaspourlestensionsdepolarisationsupérieureà-6VoùAVestplus

mesurable,carlespiègesnepeuventpassuivrelebalayagedepolarisationtaux,telque

discutéplustard.

Fig.4.24présenteleprofildedistributiond’énergiedesétatsd’interfaceàl’intérieur

delalargeurdebandedudiamant,oùlesbordsvalenceetbandedeconductionsont

représentés. Commel’aobservé,ladensitédesétatsd’interfaceestaussiélevéque3

Œ1013cm-2.eV-1pouruneénergiedepiègecorrespondantà0,6eV.Cetteénergiede

piègeestatteintpourunetensiondepolarisationde-8V.Sil’onsupposequeladensité

desatomesdelasurfacede8×1014atoms.cm−2peutêtrerépartieuniformémentlelong

delabandeinterditediamant(Eg=5,5eV),ladensitéde1,5×1014cm−2.eV−1est

calculé. Cettedensitédel’interfaceindiqueDitreprésente20%desliaisonsinsaturées

desatomesdesurface.D’autrepart,lorsquel’onaugmentelatensiondepolarisation,la
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Figure4.66:NormalizedhighfrequencyexperimentalC(V)curve(1MHz)compared
tothecalculatedidealonewithNA=2.3×10

17cm−3,ND=10
16cm−3andVFB

=-7.1V.Theinsertisazoominwhere∆Visindicated.

densitéd’étatsd’interfacediminueetdevientnégligeablepourlestensionsdepolarisation

supérieureà-6VdepuisleAVestpasplusmesurable.

Fig.4.68montreladensitédecourantmesuréeenfonctiondelatensiondepolarisation

degrilleJ(V)àpartirde83Kà353Kpouruncontactdegrillecirculairede150µm

dediamètre.Pourunetensiondepolarisationpositiveappliquéeàl’électrodedegrille,

laMOSCAPestenépuisementetdeladensitédecourantestinférieureàlalimitede

détection(nonreprésentéici).Commelapolarisationdegrilleestréduiteversdesvaleurs

plusnégatives,latempératureambianteaugmentededensitédecourantpouratteindre

4×10−1A.cm−2à-8V.

Danscettesection,lespropriétésélectriquesdelaAl2O3/O-diamant MOSCAPont

étéétudiés.Enparticulier,lacaractérisationdesétatsd’interfaceutilisantàlafoisla

méthodedeTermanetleprocédédeconductionrévélélaprésenced’unefortedensité

depiègesd’interfacequiempêchelaMOSCAPpouratteindrelerégimed’accumulation,
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Figure4.67:Interfacestatesdensityasfunctionoftheenergy,distributedinsidethe
diamondbandgap,extractedusingTerman’smethod[Schroder2006].

àsavoirladensitéélevéedespiègesdel’interfaceprovoquelepiégeageduniveaude

FermiàlaAl2O3/O-diamantinterface.Néanmoins,ilestdémontréquel’appareilpeut

êtreutilisédansl’épuisementetlesrégimesd’épuisementprofondes. D’autrepart,les

courantsdefuiteobservéslorsdepolarisationnégativeestappliquéeàl’électrodedegrille

estexpliquéparlaprésencedechargesd’oxydefixequiparticipeàl’effettunneldetrous

àpartirdelacouchedediamantàl’électrodesupérieureàtraverscespiègessituésdans

labandeinterditedulacouchediélectrique.Cependant,discordanceentreladensitéde

courantpréditeetlesdonnéesmesuréesaétéobservée. Troud’injectiondutypep+

couchepourraitexpliquercephénomènedepuisletrouconcentrationdanslacouchede

typepestamenéau-dessusdelaconcentrationd’équilibreetpeutinfluerfortementsurla

concentrationdutrouprésentàl’interface[Muret2015].Afind’améliorerlaMOSCAP

dediamant,effetd’unrecuitthermiquedelacouchediélectriqueenutilisantungaz

deformage(mélangedeH2etN2)etuntraitementdesurfacedifférentycom-Fluor

terminaisondelasurfacedudiamantpourraitêtreenvisagée.Lecontrôledel’interface

diélectrique/O-diamantestd’unegrandeimportanceafindedévelopperlaprochaine

productiond’un MOSFETd’inversion. Unepremièretentativedanslafabricationde
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Figure4.68:a)ExperimentalJ(V)characteristicsmeasuredatvarioustemperatures
foracircularcontactwithdiameterof150µm.b)CalculatedJ(V)characteristicsat
varioustemperaturesusingtheTATmodeldescribedbyEq.4.21.Asevidencedthe
temperaturedependenceisstrongerforthetheoreticalJ(V)thanfortheexperimental

one.

diamantsinversionMOSFETaétéeffectuéerécemmentauJaponetlacaractérisation

électriqueseradiscutédanslaprochainesection.
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Caractérisationd’un MOSFET

LaFig.4.32représentelastructuredel’échantilloncaractérisé.

a) b) 

IIb (100) p+ diamond  
substrate 

i (p-) n+ n+ 

B 

S G D 

W 

L 

Al2O3 

e) d) 

c) 

Figure4.69:a)OpticalmicroscopeviewoftheMOSFETsampleandb),c)and
d)showsacloseuponthethreedifferentgeometriesreferredtoasA,BandC
respectively.e)Schematic3Dview.TheMOSFETiscomposedof4terminals,the
SourceS,theDrainD,theGateGandtheBackgateB.ThechannellengthL

andwidthW arealsoindicated.

Plusieursdispositifsontétécaractérisés,maisaucund’entreeuxontprésentélespro-

priétéssouhaitées.CommeentémoigneFig.4.44,lescaractéristiques(V)Cétaienttrès

dépendantsd’unpériphériqueàunautre.Commel’aobservé,lapropriétéC(V)montre

unchangementnonreproductible,différentpourtroiscontactsdegrilledifférentes.Ceci

estprobablementdûàlaprésencededéfautsd’homogénéitédel’Al2O3/O-diamant

qualitédel’interfaceet/oudelaqualitédelacouched’Al2O3déposéeparALDà

573K.L’hystérésisestobservépourtouslesdispositifstestésindiquantlaprésencede

chargesmobilesdanslacouchediélectrique.Cesfraispourraientdétériorerlespropriétés

électriquesduMOSFET.Commelemontrentlesrésultatsdesimulationduchapitre3,

cettestructuren’apasencoreétéoptimisé.Toutefois,l’améliorationdelagéométrie,le

niveaudeladérivededopagedelacoucheavecl’épaisseurd’oxydeouvriraitlavoievers

unMOSFETd’inversionfiable.

Un MOSFETàcanaldetypenestfabriquépourlapremièrefoisetétudiésespro-

priétésélectriquesenfonctiondelacapacitéparrapportàlatensionetlesmesuresde

tensiondecontreactuels. LespropriétésducontactdegrilleC(V)arévéléqueles
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régimesd’accumulationetd’épuisementontétéatteints.Unedifférencedanslerégime

del’épuisementprofondentrelescaractéristiquesidéalesetexpérimentalesaétéobservée

avecl’originepasencorecompris.Sieurscontactsdegrilleplu-ontétéétudiéeseton

aobservédegrandesinhomogénéités,éventuellementprovenantd’inhomogénéitésdans

lejointterminaisondelasurfacedudiamant.LacaractérisationI(V)del’opération

deMOSFETn’apasconduitaucomportementattendu. Mêmelorsquel’onmesureles

propriétésde MOSFETàhautetempérature(573K),seuleunetrèsfaiblerésistivité

modulationducanalsource-drainétaitobservable.Néanmoins,cettepremièretentative

esttrèsprometteurpourledéveloppementdesprochainsappareilsélectriquesrationde

diamantgénérations.

Danscechapitre,lesétapesdefabricationdesMOSCAPsdediamantpseudo-verticalea

étéprésenté.Lescroissancesontconsistéenunecouchedetypepdéposésuruntypep

+couchedediamantlui-mêmedéposésurunHPHTIb(001)dusubstratdediamant.

LastructuremesaaétédéfinieparunegravureICPutilisantunplasmad’oxygène.

Ensuite,lescontactsohmiquessontdirectementdéposéssurlacouchedutypep+du

diamant.Laterminaisondel’oxygènedelasurfacedudiamantaétéréaliséeenutilisant

unelumièredansl’ultravioletlointain/traitementàl’ozoneetlacouchedeAl2O3aété

déposéeparALDàunetempératurede250?C.Lastructurededispositifautorisépour

déterminerlaconstantediélectriquerelativedel’Al2O39,5.Ainsi,lacapacitéprévuede

l’MOSCAPpeutêtreestimé,constatantunécartquiaétéétudiéentermesdecapacité

etdelaconductancemesures. Plusprécisément,enutilisantlaméthodedeTerman,

unehautedensitéd’étatsd’interfaceaétédéterminée,résultantduniveaubrochage

Fermiàl’interfaceempêchantd’atteindrerégimed’accumulation.LeniveaudeFermi

ancrageaenoutreétémisenévidenceparlaméthodedelaconductance.Uneenquête

plusapprofondieducomportementde MOSCAPutilisantrecuitthermiqueet/oula

résiliationdesurfacedifférentaideraitàdéterminerlemeilleurtraitementdel’appareil

pourfabriqueruntransistorMOScontactdegrillefiablepourlediamantMOSFETde

prochainegénération.Enoutre,piègeassistétunneldetrousdelacouchedediamantau

contactdegrilleaétédémontréenutilisantdesmesuresdetensiondecontrecourants

àtempératuredifférente. Poli-Discrepan-entrelecomportementattenduetlescar-

actéristiquesexpérimentalesestattribuéeàlaprésenced’injectiondetrousàpartirde

lacouchedetypep+àlacouchedetypep. D’autresinvestigationsutilisantépaisse

couchedediamantdetypeppourraitclarifiercepoint. D’autrepart,lamesuredes
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rayonsXspectroscopiephotoélectroniquedesspectresalmugissaientd’établirlacon-

figurationd’interfacedebanded’énergiedel’hétérojonctionAl2O3/O-diamant.Cette

analysearévéléuneconfigurationdetypeIIdelabandeenoppositionàlaconfiguration

debandedetypeIdéterminépourl’hétérojonctionAl2O3/H-diamant.Enparticulier,

unebandedevalencedécalagede1,34eVaétédéterminée.Cettevaleurpourraitêtre

appropriépourdetypepinversiondiamantMOSFETcanaldepuislabarrièredetrou

estsuffisantepourempêcherl’injectiondanslecontactdegrille. Enfin,laréalisation

expérimentaled’un MOSFETàcanaldetypenaétéréaliséepourlapremièrefoiset

sacaractérisationélectriqueaétéeffectuéependantquatremoisrestentdansl’AIST

(Tsukuba,Japon). Malheureusementcettepremièretentativeaéchouécarlefonction-

nementdeMOSFETpaspuêtreatteint.Néanmoins,lescontactsdegrilleontmontré

debonnespropriétésélectriques,àsavoirl’accumulationderégimesd’épuisementont

étéatteintsdansquelquesfenêtredepolarisationvolts. Cetravaildepionnieresttrès

prometteuretouvrelavoieverslaréalisationdelaprochainegénérationdediamant

MOSFETpourdesapplicationsd’électroniquedepuissance.

Conclusionsgénérales

Cettethèseaétéaxéesautourdedeuxobjectifsprincipaux.L’unestledéveloppement

d’outilsdesimulationprenantencomptelespropriétésphysiquesdediamantspécifiques,

visantàanticiperl’architectureetlaconceptiondedispositifsdepuissancedediamant

delaprochainegénération.Plusprécisément,lespropriétésphysiquesdudiamantont

étémisesen¡uvredansunlogicielbaséélémentsfinis(TCADSilvaco),afindereproduire

lescaractéristiquesélectriquesd’unejonctionpndiamant.Ici,jusqu’àdesmodèlesde

mobilitédedate,lescoefficientsd’ionisationparimpactetlamobilitétrémiedepingont

étémisen¡uvre.Enoutre,unpointimportantétaitd’examinerl’effetdelagénération-

recombinaison(GR)lesmodèlessurlespropriétésélectriquesdesdispositifsdediamant.

CommelesparamètresetlesmodèlesGRnesontnibienconnuesnicomprisesdans

lediamant,l’influencedeAugeretmodèlesShockley-Read-HallGRaétéétudiée. Un

premierensembledeparamètresaétéproposée,maisleseffortsdoiventêtrecontinué

surcesujet. Concernantlescaractéristiquescourant-tension,desdivergencesontété

observéesentreletalexpérimentationetlesrésultatssimulés. Celasignifiequedes

facteurstelsqueinconsidéréesrésistivitédecontact,supporttunneldéfautscristallins
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etcontribuentauxcaractéristiquesI(V)dejonctionspndiamant. Toutefois,selonle

coefficientd’ionisationparimpactmisesenoeuvre,latensiondeclaquagede225V,

cequicorrespondàundomainede7,7-1 MV.cmventilationaétéprévue. Enoutre,

lesparamètresmisenoeuvreontétéutiliséspourétudierlaconceptiond’unMOSFET

dediamant.Plusprécisément,onaétudiél’effetducanaldopageconcentration,dela

températureetdel’épaisseurd’oxydesurlespropriétésélectriquessimulées.Onmontre

quecetteconceptionparticulièredelarésistancespécifiqueenestpasoptimiséespar

rapportàlalimitedesilicium.Ilestconcluquelesarchitecturesspécifiquesdoivent

êtredéveloppéespourprofiterpleinementdelafortepotentialitédediamantpourdes

applicationsdedispositifsdepuissance.Deseffortssupplémentairessontnécessaires,tant

surleexpérimentaleetsurlesaspectsnumériquesdedévelopperdesoutilsdesimulation

robustesquiprennentencomptelesspécificitésdediamantpourlaconceptiondesfuturs

dispositifsdepuissancedediamant. D’autrepart,l’étudedediamantcondensateurs

métal-oxyde-semi-conducteur(MOSCAP)àl’aided’oxygènesurfaceàterminaisonouvre

lavoieàlafabricationd’unchampMOStransistoràeffet(MOSFET).Enparticulier,la

configurationdelabandeinterfacialedel’Al2O3/O-diamantaétédéduiteàpartirde

rayonsXspectroscopiephotoélectronique(XPS).Ainsi,undécalagedebandedevalence

de1,34ś0,2eVaétédéterminée.EnsupposantunebandeinterditedeAl2O3de7,4

eV,labandedeconductiondedécalageaétécalculéeà0,56ś0,2eV.Laconclusion

decetteétudeestquel’Al2O3/O-diamantpourraitêtreappropriépourdévelopperun

modeMOSFETd’inversionenutilisantuncanaldetypep. Depuis2011,l’Institutde

l’anguilleNestimpliquédansledéveloppementdeMOSCAPutilisantAl2O3commeun

diélectriquedegrille.Danscetravail,unnouveaudesignaétédéveloppé.UnMOSCAP

pseudo-verticaleestainsifabriquée,quiestcomposéd’unecouchedediamantdetype

paugmentéau-dessusd’unecouchedediamantdetypeP+.Lerôledelaplustard

estderéduirelarésistanceensérieaveclarésistancedecontact.Eneffet,àl’aidede

plasmaàcouplageinductif(ICP)gravurepourdéfinirunestructuremesa,lescontacts

ohmiquessontdirectementdéposéssurlacouchedutypep+dudiamant.Ledispositif

finalestobtenuenplusieursétapesdelithographieetdedépôtdemétal.Lespropriétés

électriquesdel’appareilontétéétudiésentermesdecapacité-tensionetdecourant-

tensionmesures. Commeledispositifcomprend MOSCAPetlecondensateurisolant-

métal-métal(MIMCAP),l’oxydeconstantediélectriquerelativeaétéextrait.Ensuite,

lacapacitéd’accumulationprévuedel’MOSCAPontétécalculés. Cependant,nous

avonsobservéécartentrelavaleurmesuréeetlesvaleursattendues.Ainsi,laqualitéde
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l’interfaceaétéétudiéeenutilisantlacapacitéetl’analysedelaconductancedesétats

d’interface. LaconclusionestqueFerminiveaubrochageestresponsabledelacom-

portementobservé,empêchantl’appareildefonctionnerenrégimed’accumulation.En

outre,ladensitédesétatshautdel’interfaceestobservéeprèsduborddelabandede

valence.CetteinterfaceÉtatspourraientprenantleursourcedelaprésencedeliaisons

carboneinsaturésàl’interfaceAl2O3/O-diamant.Cependant,aucunniveaudeFermi

brochageaétéobservéechezépuisementouenmoded’appauvrissementdeprofondeur,

cequipermetlefonctionnementenmoded’inversion. Al2O3/O-diamant MOSCAP

I(V)aétéréaliséeàdifférentestempératures. L’originedescourantsdefuitedans

desconditionsnégativesdetensiondepolarisationontétéétudiésentermesdepiège

dépendantdelatempératuretunnelassistée.Ceprocédéendeuxétapes,originairesde

laprésencedepiègesdanslacouchediélectrique,peutêtreàl’originedecourantsde

fuite.Cependant,l’effetduniveaubrochageFermin’apasétépriseencomptelorsde

lamodèle. Celapourraitêtreunindicepourexpliquerladifférencequantitativeentre

l’expérimentaletthéoriqueI(V)danslerégimedepolarisationnégativeélevée. En

outre,laprésencedutypep+coucheenterréepourraitjouerunrôledanslaquantité

detroudisponibleàl’Al2O3d’interface/O-diamantdepuissurvientinjectiondetrous.

Traitementsdesurfacespécifiques(comparaisonentrelalumièreVUV/traitementà

l’ozoneetletraitementàl’acidechaudparexemple)etrecuitdiélectriquesousdifférentes

atmosphèrespourraientaideràaméliorerlaqualitédel’interfaceetdelaqualitédela

couchediélectrique.

Enfin,uncanald’inversion MOSFETdetypenaétéfabriquéetcaractérisépourla

premièrefois. MalgrélefaitqueleMOSFETnemontrepasdescaractéristiquesidéales,

lecontactdegrille MOSmontréraisonnablementbonnespropriétés. Cepremieressai

démontrentquelafabricationd’unMOSFETdediamantestunproblèmetechnologique

pasetesttrèsprometteurpourledéveloppementd’unMOSFETdepuissancedudia-

mant.Aussi,laprochaineétapepourraitêtrededévelopperuncanalMOSFETdetype

p,puisquenousavonsdémontréquelaconfigurationdelabandeinterfacialeestfavorable

pourleconfinementdestrousdanslediamantàl’Al2O3d’interface/O-diamantsans

Ferminiveaubrochage.
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Metaloxidesemiconductorstructureusingoxygen-terminateddiamond
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Metal-oxide-semiconductorstructures withaluminumoxideasinsulatorand p-type(100)
mono-crystalline diamondassemiconductor have beenfabricatedandinvestigated by
capacitanceversusvoltageandcurrentversusvoltage measurements.Thealuminumoxide
dielectricwasdepositedusinglowtemperatureatomiclayerdepositiononanoxygenated
diamondsurface. Thecapacitancevoltage measurementsdemonstratethataccumulation,
depletion,anddeepdepletionregimescanbecontrolledbythebiasvoltage,openingtheroutefor
diamondmetal-oxide-semiconductorfieldeffecttransistor.Abanddiagramisproposedand
discussed.VC2013AIPPublishingLLC.[http://dx.doi.org/10.1063/1.4811668]

Thehighbreakdownelectricfield,theelevatedmobility,
andtheoutstandingthermalconductivitymakediamondthe
ultimatesemiconductorforhighpowerandhighfrequency
applications.Intensiveworksandimportantprogresseshave
beendonerecentlyinthefieldofsubstratefabrication,epi-
layergrowth,anddopingcontrol,butthemainproblemto
makeefficientpowerdevicesisthelargeionizationenergies
oftheacceptoranddonorimpurities:380meVfortheboron
acceptorand570meVforthephosphorusdonor.Theioniza-
tionrateofdopantsatroomtemperatureislowandthe
resultinghighseriesresistanceoftheactivelayerisnotcom-
patiblewithsomedeviceoperation(likemetalsemiconduc-
tor fieldeffecttransistor(MESFET), bipolarjunction
transistor(BJT),orjunctionfieldeffecttransistor(JFET)).
Inordertoovercomethisproblem,solutionsbasedon

twodimensional(2-D)holegasareunderinvestigation:(i)
H-terminateddiamondfieldeffecttransistor(FET)using
holeaccumulationlayer.1–3Suchtransistorsdemonstrate
highfrequencyoperationbutdeteriorateunderhightempera-
tureconditions.(ii)Borond-FETconsistingonathinheavily
doped(metallic)layerbetweentwointrinsiclayersresulting
theoreticallyinhighmobility(duetodelocalisationofcarrier
awayfromionizedimpuritiesinducedbyconfinement).
However,obtainingaverythinlayer4(<2nmneeded)isa
technologicalchallenge.Deltalayersthinnerthan2nmare
reported5butdidshowneitherquantumconfinementnor
enhancementofthemobility,whichisyettoolowforhigh
frequencyapplications.(iii)Diamond/nitrideheterojunctions
FET6hasbeenrecentlyproposedandtheirelectronicproper-
tiesareunderinvestigationatthismoment.Concerningmore
conventionalsemiconductordevices,theSi metaloxide
semiconductorfieldeffecttransistor(MOSFET)isubiqui-
tousindigitalandanalogintegratedelectronicsystems.The
conductingorinsulatingbehavioroftheMOSFETisbased
ontheelectrostaticcontrolofthebandcurvatureatthe
oxide/semiconductorinterface.Unfortunately,thephysical
propertiesofSisemiconductordonotallowtobuildefficient
MOSFETforpowerelectronicsapplications(generallyinsu-
latedgatebipolartransistorispreferredbutalsolimitedto

4kV).MOSFETbasedonothersemiconductors,likeIII-V
compoundsorSiC,areprogressingbuttheperformancesof
suchdevicesarenotcompetitivewithSidevicesandanyway
willbealwayslowerthanthatexpectedfordiamondbased
MOSFET.7ThemainproblemtofabricateaMOSstructure
istoachievethesemiconductoroxideinterfacewithasuffi-
cientlylowinterfacestatesdensity.Inthatcase,thedifferent
regimesofthe MOScanbecontrolled:accumulationof
majoritycarriers,depletion,deepdepletion,orinversionof
carrier(minoritycarrierdensitylargerthanmajoritycarrier
densityattheinterface).Inmostcasesandcontrarytothe
Si/Oxideinterface,thetoolargedensityofinterfacestates
withinthegaparechargingunderbiasvoltage,andthe
breakdownfieldoftheoxideisreachedbeforedeepdeple-
tionorinversionregimes.Also,previousMOSstructures
performedondiamond1–3,8exhibitedaccumulationregime
butnodeepdepletionorinversionregimes.Recentworks
reportedinvestigationofAl2O3depositedbyAtomicLayer
Deposition(ALD)onhydrogen-terminateddiamondto
stabilize9ortostudythebandoffsets10relatedtothe
hydrogen2-Dgas.MOSstructuresondiamondusinghigh
dielectricconstantTa2O5oxideswerealsoreported

11but
didnotshowthedeepdepletionregime.Inourcase,in
ordertoreachdeepdepletionorinversionregimesatthe
interfaceof Al2O3/diamond, weintroduceanapproach
combininganoxygen-terminateddiamondwithlowtem-
peratureALD.12,13Usingthisprocess,wedemonstratethat
suchMOScapacitorcanundergoaccumulation,depletion,
anddeepdepletion.Thecontroloftheinterfaceregimes
reportedinthis workopenstheroutefordiamond
MOSFETandmoregenerallyfordiamondbasedelectron-
ics.Thisletterisorganizedasfollows:thefirstpart
describestheexperimentaldetailsandthediamondMOS
fabricationusingALDtechniqueforoxidedeposition.In
thesecondpart,thecapacitancemeasurementsaredetailed
andanalyzedintermsofcontrolofthedifferentregimes
usingthegatemetalelectrode.
Thefivestructuresinvestigatedinthisworkconsistofa

stackofAl/Al2O3gateelectrodedepositedonaboron-doped
epitaxialdiamondlayergrownina microwaveplasma
assistedchemicalvapordeposition(MPCVD)reactoronIb
highpressurehightemperature(HPHT)(100)diamond

a)Electronicmail:gauthier.chicot@grenoble.cnrs.fr
b)Electronicmail:julien.pernot@grenoble.cnrs.fr
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substrate.Aschematicpictureofthestructureisshownin
Fig.1(a).Sample#0iscomposedofaheavilydoped
diamondlayer(namedpþþandwithboronconcentration
overthe metalinsulatortransition)inordertofabricate
MetalInsulatorMetal(MIM)structure.Thefourothersam-
ples#1,#2,#3,and#4areaimedtobe MOSstructures.
TheyconsistofB-dopeddiamondlayerswithaboroncon-
centrationofaboutfew1017cm3.Thedepositionwasper-
formedat910C with CH4/H2¼2%and B/C¼2ppm.
Insample#4,aheavilydopedlayerwasgrownbetween
thesubstrateandp-layerwiththesametechniquebutwith
CH4/H2¼4%,B/C¼1200ppmat830C.Oneach,anohmic
contact(Ti/Pt/Auannealedat750Cunderhighvacuum)was
evaporateddirectlyontheepitaxiallayertoactasreference
contact(see Fig. 1(b))for capacitance measurement.
Photolithographyprocesswasusedinordertoselectivelyde-
positthedielectricoxide.Beforethatstep,diamondsurface
oxygenationhasbeenperformedbytwotechniques:(i)for
samples#0,#1,#3,#4bydeepUVozonetreatmentand14(ii)
forsample#2byoxygenRFplasmatreatment.
Then,the10nmforsample#1and20nmfor#0,#2,#3,

and#4ofAl2O3dielectricoxidehavebeendepositedby
ALD.Inordertopreservethelithographyresist,theALD
oxidehasbeendepositedatlowtemperature(100C).The
ALDsystemusedinthepresentexperimentswasSavannah
100fromCambridgeNanoTech.Theprecursorusedwas
trimethylaluminum(TMA),andtheoxidantwasH2O.Using
thesamewindowinresist,thedielectrichasbeencovered
bya100nmthickaluminum metalusingelectronbeam
evaporator.Afterresistremoving,theelectricalpropertiesof
theMOScapacitanceshavebeenmeasuredusingaKeithley
6517Bsource-electrometerapparatusforthestaticcurrent/
voltageI(V)characteristicsandaAgilentE4980APrecision
LCRMeterforthecapacitance/voltageC(V)measurements.
Frequencydependentcapacitancemeasurementshavebeen
performedwitha.c.signalfrequencyrangingfrom100Hz
to2MHzandtypicalamplitudeof50mV.Nyquistplots
havebeenperformed(i)todeterminetheseriesandparallel
resistancesofthestackand(ii)tofindthemostfavorable
frequencytomeasuretheimaginarypartofthetotalimped-
ance(wheretheimaginarypart/realpartratioisthehighest)
inordertodeterminemoreaccuratelythecapacitance.The
measurementsreportedinFig.2weredonewithfrequencies
intherangeof50kHzto200kHz.

Sample#0isaMIMstructurewhilethefourothersam-
plesareMOSstructures.Insamples#1,#2,and#3,different
oxidethicknessesandsurfacetreatmentswereevaluated(see
TableI).Insample#3(inregardsof#1and#2),thequality
ofthep-diamondlayerhasbeenimproved,principallyby
reducingitsthickness.Sample#4isthesameas#3withan
additionalpþþburiedlayerinordertoreducetheseriesre-
sistanceandsimplifyC(V)measurementsandtheirinterpre-
tation.Thicknessanddopingofeachsamplearesummarized
inTableI.
Firstofall,usingtheMIMstructureofsample#0made

ofastackofmetallicdiamond,Al2O3,andaluminummetal,
theoxidepropertieswereinvestigated.Al2O3oxidethick-
nessvaluedoxwasmeasuredbyellipsometryandfoundin
goodagreementwiththetargetedvaluesreportedinTableI.

FIG.1.(a)Schematicofthediamondmetaloxidesemiconductorstructure
andSEMimageand(b)detailedstacksofeachsample.

FIG.2.(a)CapacitanceC=Cmaxversusvoltagemeasurementofthediamond
MOSstructures,(b)1/C2versusvoltagewhichenablesustodeterminethe
dopingofdiamondincaseofdeepdepletionregime(samples#3and#4)
fromtheslopeofthestraightlineforpositivevoltage,and(c)staticcurrent
versusvoltageofsamples#1,#2,#3,and#4.
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Thecapacitancewasmeasuredandfoundtobeconstantver-
susappliedvoltage(10Vto10V)andversusfrequency
(100Hzto2MHz).DuetotheMIMstructure,theresultant
capacitanceofthisstackisequaltotheoxidecapacitance
Coxgivenby

Cox¼
0oxS

dox
; (1)

where 0isthevacuumpermittivity,oxistherelativeper-
mittivityoftheoxide,andSistheMOScapacitorarea.The
measuredvalueofcapacitancewas20%lowerthanthevalue
expectedifcalculatedwiththeAl2O3relativepermittivity
giveninliterature12forsimilardepositionprocess(i.e.,low
temperatureALDexcepttheSisubstrate).
Insamples#1and#2,differentregimescanbeobserved

onC(V)measurements(seeFig.2(a)).Fornegativevoltage
(V 5Vfor#1andV 3Vfor#2),theholesaccumu-
lationisobserved.Thisregimeischaracterizedbyanalmost
flatcapacitancetheoreticallyequaltothatoftheoxidecapac-
itanceCox(Eq.(1))becausethestackislikeaplanarcapaci-
tance(seeFig.3(a))composedoftheoxidelayerinbetween
twoelectrodes(Alanddiamond).Butexperimentalcapaci-
tancesintheaccumulationregimetakevaluesaboveor
belowCoxaccordingtothemeasurementfrequency.Athree
elementscircuithasbeenusedtointroducetheseriesresist-
anceeffectonthemeasurement.Indeed,intheidealcase,
thecapacitanceisconsideredinparalleltotheresistanceof
theoxide(leakagecurrentthroughtheoxide)leadingtoa

twoelementscircuits.Inourstructure,theseriesresistance
ofthep-typediamondlayercannotbeneglectedandmustbe
consideredinserieswiththetwoelementsimpedance.Even
withatwofrequencycorrectionmethod15appliedtothis
threeelementcircuits,thisfrequencydispersionstillexists
showingthatthisunexpectedbehaviourcannotbeexclu-
sivelyattributedtoanonnegligibleseriesresistance.An
additionalimpedanceduetointerfacestatesor/anddeeplev-
elsinthediamondlayerclosetotheAl2O3/diamondinter-
face(compensatinglevelsinthefirsthundrednanometers
underAl2O3/diamondinterfaceinadiamondgrowthwithout
oxygeninthegasphase16–18)couldberesponsibleofthe
phenomenon. Whilethevoltageincreases,aspacecharge
regionbeginstoappearinthesemiconductor(Fig.3(c)),and
theresultantcapacitanceisnowcharacteristicofthecapaci-
tancemeasuredinaccumulationinserieswiththecapaci-
tanceofthespacechargeregionresultinginadecreaseof
thetotalcapacitance.Then,forvoltageincreasinginpositive
values(V 3Vfor#1andV 2Vfor#2),thecapacitance
startstoincreaseagain.Usually,anincreaseincapacitance
inthisvoltagerangeischaracteristicofthestronginversion
regimewheremajoritycarrierstypeislocally(nearoxide/
semiconductorinterface)inverted, meaningthatelectron
concentrationattheoxide/diamondinterfaceislargerthan
theholedensityinp-typediamondregion.Thisregimeneeds
aminoritycarriers(hereelectrons)generationmechanismto
beobserved.Minoritycarrierscanbeprovidedbythermalor
opticalgenerationofelectron-holepairsintheneutralpartof
thesemiconductorbutfrequencyofthea.csignalusedto
measuredcapacitancemustbesufficientlylowtobecompa-
rabletotheinversetimeconstantrelatedtothegeneration
mechanism(approximatemaximumvalueof10 20s1fora
midgaptraplevel)inorderthatthechargescouldfollow
thisa.csignal.Inourcase,noopticalexcitationwasused
andthefrequencymeasurementistoohighforthermalgen-
eration.Diamondp-layerofthesetwosamplesshowsalarge
amountofdefectssuchashillocks(duetothelargethickness
ofthelayer),whicharegenerallygoingthroughthewhole
depthofthelayer.Amechanismprovidingelectronsfrom
neutralregionsthroughthesedefectsuptotheoxide/semi-
conductorinterfacecouldberesponsibleofthiselectrongen-
eration.However,ameasurementartifactduetothehigh

FIG.3.Banddiagramofatheoreticaldiamondmetaloxideatdifferentappliedbiasvoltageswithanoxidethicknessof20nm,ap-typediamonddopedat
2.2 1017cm3,anaffinityofO-terminateddiamondof1.7eV,andanAl2O3gapof6.5eV.Theschematicbanddiagramsrepresent(a)theaccumulationre-
gimeforV¼ 5V,(b)theflatbandregimeforV¼ 2.4V,(c)thedepletionregimeforV¼0V,and(d)theinversionregimeforV¼7.5V.Theinsetineach
banddiagramshowsthecorrespondingcapacitanceversusvoltagemeasurements(inversionanddeepdepletionarebothplotted).

TABLEI.Physicalpropertiesofmetal/oxide/diamondstructures.

Samples

Doping

(cm3)

dB diamond
(nm)

Surface

treatment

dAl2O3
(nm)

#0 >5 1020a 50a DUVO3 20a

#1 3 1017b 1900b DUVO3 10a

#2 3 1017b 1900b O2plasma 20a

#3 3.6 1017c 300a DUVO3 20a

#4 2.2 1017c/>5 1020a 300a/150a DUVO3 20a

aEstimatedfromgrowthconditions.
bEstimatedfromSIMSmeasurements.
cMeasuredbyC(V)measurements.

242108-3 Chicotetal. Appl.Phys.Lett.102,242108(2013)

Downloaded 28 Jun 2013 to 147.173.65.21. This article is copyrighted as indicated in the abstract. Reuse of AIP content is subject to the terms at: http://apl.aip.org/about/rights_and_permissions



oxideleakagecurrentoranimpedanceduetodeeplevels(as
suggestedabove)cannotbediscarded.Inordertoclarifythis
point,samples#3and#4werefabricated.Diamondlayers
arethinner,containlessdefects,andinsample#4aburied
pþþlayerwasaddedinordertoreducetheseriesresistance
andavoidmeasurementartifacts.Forthesetwosamples,the
holeaccumulation(withsomefrequencydispersion)and
depletionarealsoobservablelikeinsamples#1and#2,but
insteadofincreasingagaininthepositivevoltagerange,the
capacitancecontinuestodecrease.Thisdecreaseistypicalof
thedeepdepletionregime.Infact,the1/C2versusvoltage
plot(seeFig.2(b))inthisvoltagerange(2V V 10V)
islinearandtypicalofthedepletionofanhomogeneous
dopedsemiconductoroverthedepth.Byapplyingalinearfit
tothispart,theeffectivedopingofthep-diamondcanbe
deducedfromtheslopeforthesetwosamplesandare
3.6 1017cm3forsample#3and2.2 1017cm3forsam-
ple#4.ThesevaluesareconsistentwithSIMSmeasurement
performedonasimilarsamplewheretheborondopinglevel
was measuredbetween2 1017cm3and5 1017cm3

overthewholedepthofthelayer(1.8lm).Thegoodagree-
mentbetweenB-densitydeterminedby1/C2andSIMScon-
firmedthatthewholeareaoftheMOScapacitorisactive.
Moreover,theobservationofadeepdepletionregimeiscon-
sistentwiththefrequencyrangeusedformeasurement.
StaticI(V)measurementswerealsoperformedonthese

fourMOSstructures.Surprisinglyforastackcontainingan
insulatinglayer,thecurrentdensityisquitehighasitcanbe
seeninFig.2(c). Moreover,theI(V)characteristicsof
samples#1and#2aresymmetricalwhilethoseofsamples
#3and#4arenotwithmorecurrentflowinginthenegative
voltage(holesaccumulation)thaninpositivevoltage
(deepdepletion).Theseobservationscouldberelatedtothe
largerangeoftheAl2O3bandgapvaluesEgreportedinliter-
ature:between5.4eVand8.8eV.19–23 Moreprecisely,
Eg¼6.760.2eV(Refs.19and23)for ALDdeposited
Al2O3andevensmallerifdepositedbyothertechniques
suchase-beamevaporationandspraypyrolysis method
(Eg¼5.40–5.55eV(Ref.20)).Diamondoxygenatedsurface
electronicaffinityisreportedbetween1.0eVand1.7eV
(Refs.24–26).InFig.3,theoreticalbanddiagramsareplot-
ted27atdifferentappliedvoltagestakingabandgapof
6.5eVforAl2O3,electronicaffinityof1.7eVforoxygenated
diamond,and2.2 1017cm3forB-doping.Asshown,the
barrierforholesisverylow(0.4eV)andcouldbeinexis-
tentifsomewhatasmallerAl2O3gapvalueor/andalittlebit
higherdiamondaffinitywasconsidered.Inthatcase,we
expectarectifierbehaviorwithahighcurrentlimitedbythe
diamondseriesresistance(andmaybealsothecontactresist-
anceoftheohmiccontact)forV<0Vandablockingre-
gimeforV>0Vasobservedforsamples#3and#4.Dueto
themuchlowerseriesresistanceresultingfromthepþþ
buriedlayerinsample#4,thecurrentdensityinaccumula-
tionishigherincomparisontoothersamples.Moreover,for
samples#3and#4,thecurrentislowerunderpositivevolt-
agethanunderthenegativeones.Assumingaverysmall
barrierforholes(ifany)whenthestructureisindeepdeple-
tion,thecurrentisonlylimitedbytheinsulatingspace
chargeregion.Onthecontrary,forsamples#1and#2,the
almostsymmetricalcurrentmaybeduetoaparallelleakage

pathinsidethedepletionzone,aspreviouslyinvokedto
explainthecapacitanceanomalies.
Twodifferentsurfacetreatments(seeTableI:DUVO3

andO2plasma)tooxidizethediamondsurfaceweretested.
Samples#2and#3(differenttreatmentswiththesameoxide
deposition)showdifferentbehaviours,particularlyinposi-
tivevoltage.Butasthecrystallinequalityofthesetwosam-
plesisdifferent,noclearconclusioncanbedrawnabouta
possibleinfluenceofthesurfacetreatmenttype.
Theobservationofadeepdepletionregimeinsamples#3

and#4openstherouteforthefabricationofdiamondMOSFET.
Incaseofann-MOSFET,theelectronsneededtocreateinver-
sionchannelattheinterfacewillbeprovidedbyn-typediamond
boxes(sourceanddrain).Suchatransistorwouldbeinoffstate
becauseofachannelindepletionregimewhennobiasisapplied
tothegate(seebanddiagraminFig.3(c)),sincetheflatband
voltageisnotstronglynegative(VFB 2:4VinFig.3).This
caseisindeedachievedinsamples#1,#2,and#3asitcanbe
seenonC(V)measurementsinFig.2,whilethemorenegative
flatbandvoltageinsample#4,whichmightinduceweakinver-
sion,deservesfutureinvestigations.Theonstate(inversion)is
expectedtobereachedforvoltagelargerthanV 2:5V.
Inthiswork,wedemonstratedthefabricationofmetalox-

idediamondstructureswheredifferentregimesarecontrolled
bybiasvoltage:accumulationofholes,depletion,anddeep
depletion.Thepropertiesofthedifferentsampleshavebeen
discussedinordertocomparethecapacitanceincreaseforposi-
tiveappliedvoltagesintwoofthesamplesandthecapacitance
decreaseinducedbythedeepdepletionregimeintwoother
ones.Electricalmeasurementsenableustoinvestigateband
offsetsofthediamondMOSstructuresandshowthatevenif
nobarrierexistsforholes,aMOSFETusingthisstackwould
beoperativesincebothoffandonstatescouldbereached.
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Abstract—Diamondisnotonlyknownforbeingthehardest
gemstonebutalsoforbeingthesemiconductorhavingthehighest
calculatedfiguresofmerit(FOM).Thiscomesfromtheunique
physicalpropertiesofthis material.Thus,itispredictedthat
diamondshouldexceedssiliconcarbide(SiC)andgaliumnitride
(GaN)intermsoflowlossdeviceandbettercompromisesforon-
stateresistanceversusbreakdownvoltage.However,inpractice
theapplicationsofdiamonddevicesarestilllimitedandthe
performancesarestillnotreachingthetheoreticalpredictions.
Thequestionisthenhowtopredictandevaluatediamonddevice
performancesthemselvesandintheirenvironment.Oneofthe
possibleanswerisbyusingfiniteelementbasedsoftwares.Few
reportsexistonunipolardiamonddevice modeling,andnone
ondiamondbipolardevice.Themainlimitationscomefromthe
lackofparametersimplementedinthesimulationtoolstogether
withthedifficultiesformodelingwidebandgapsemiconductor,
i.e.extremelylowcarrierconcentrations.Inthisstudy, we
presenttheresultsonthefirstsimulationofadiamondbipolar
junctiontransistorelectricalcharacteristics.Thevalidationof
thesimulationisthefirststeptowardsthepredictionofthe
architectureandbehavioroffuturediamonddevices.

IndexTerms—Numericalsimulation,TCADsoftware,dia-
mondbipolardevice

I.INTRODUCTION

Duringthelasttwodecades,achievementsincontrolling
bothgrowthqualityanddopingconcentrationinCVDdi-
amondhaveledtotheemergenceofelectronicdevices,in
particulartherecentworkonbipolarjunctiontransistorshave
beenfabricatedeitheron(111)-orientedIIbdiamondor(001)-
orientedIIbdiamondusingtheselectivegrowthtechnique[1],
[8].Thephysicalpropertiesofdiamond,summarizedinTab.
I,leadtothehighestcalculatedFOM[7],makingdiamond
anidealsemiconductorforhighpowerandhighfrequency
electronicapplications.However,thepredictedFOMarenot
reachedexperimentally,thus,itisnecessarytostudythe
architectureandpredicttheelectricalcharacteristicsofthe
devices.InthisworkweusedSilvacofiniteelementbased
softwaretovalidatetheapproachandstudytheinfluence
ofbasewidthontheelectricalcharacteristicsofthebipolar
junctiontransistorreportedinRef.[8].

TABLEI

PHYSICALPROPERTIESAT300KOFSI,4H-SIC,GANANDDIAMOND

ANDRELATEDFIGURESOFMERIT(JOHNSON,KEYESANDBALIGA).1

[unit] Si 4H-SiC GaN Diamond
EG [eV] 1.12i 3.23i 3.39d 5.47i
ǫr 11.7 9.66 8.9 5.7
EB [MV/cm] 0.3 3 5 10
λ[W/cm.K] 1.3 3.7 1.3 22
vs[107cm/s] 1.0 2.0 2.2 2.7
µe[cm2/V.s] 1400 900 1000 1000
µh[cm

2/V.s] 450 100 350 2000
JFM[1023Ω.W/s2] 2.3 900 490 2530
KFM [107W/K.s] 10 53 17 218
BFM[Si=1] 1 554 188 23068

II.IMPLEMENTEDMODELS

Threemodelswereusedinordertotakeintoaccountthe
specificpropertiesofdiamond,i.e.theincompleteionizationof
dopants,thecarriermobilityandtherecombinationprocesses.

A.Incompleteionization

Thelargeactivationenergiesofdopantsindiamondlead
toincompletedopantionizationatroomtemperature.Asthe
physicsleadingtothereductionoftheionizationenergyis
quitecomplex,anempiricallawhasbeenused,inspiredfrom
thePearsonandBardeenmodel[9].Parametershavebeen
adjustedforboronacceptorinordertoget0.38eVionization
energyatlowdopantconcentration[10]andzeroatthe
insulator-metaltransitionof4.5×1020cm−3[11]:

Ea(eV) = 0.38−4.7877×10
−8×N

1
3
a (1)

whereEa(eV)isthethermalactivationenergyoftheboron
acceptorinelectron-voltandNaistheboronconcentration
incm−3.Inthecaseofphosphorusdonor,aconstantvalue
ofEd=0.57eVfortheactivationenergyhasbeenassumed
[12],[13]sincereportsindicatenomeasurablereductionup

1Johnson’sFOM:JFM=EBvs
2π
−Frequencyandpowerproductsoftran-

sistor.
Keyes’FOM: KFM=λ(cvs

2πǫr
)
1
2−Thermallimitationonhigh-frequency

performance.
Baliga’sFOM:BFM=ǫrµE3B−Lossinhighpowerandhigh-frequency
operation.
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Fig.1. Holeconcentrationasafunctionoftemperature.Thedoping
concentrationisNa=2×1015cm−3andthecompensationisNcomp=1×1013

cm−3.Theionizationratiop/Na isabout3% at300Kandincreasing
untilitreachesthesaturationregime wherethefreeholeconcentration
p=Na−Ncomp.

to1019cm−3,andhoppingconductionabove.Theincomplete
ionizationofboronindiamondisillustratedbyFig.1which
representsthefreeholeconcentrationasafunctionoftemper-
ature,calculatedfromequation2.

p+Nd=
Na
1+pφa

,φa=ghNvT
3/2exp −

Ea
kT

(2)

wherepisthefreeholeconcentration,Naistheacceptorcon-
centration,Ndisthedonorconcentration,Eaistheacceptor
thermalactivationenergy,kistheBoltzmannconstant,his
thePlanckconstantandTisthetemperature.Thevalence
bandeffectivedensityofstateisNv=2(2πm

∗
hk)

3/2/h3.The
degeneracyfactorisgh=1/4forholes[14]andthehole
density-of-stateeffectivemasseism∗h=0.908m0.Thedensity-
of-stateeffectivemassvalueistakenfromWillatzenetal.in
Ref.[15]andcalculatedbytheproceduredescribedbyPernot
etal.inRef.[16].

B. Mobilitymodel

Anotherparameter whichinfluencesdiamondelectronic
deviceperformancesistheelectronandholemobility.The
empirical modelusedtofittheexperimental Halleffect
measurementsreportedinRef.[5],[17](seeEq.3to5)has
beenimplementedintoSilvacofiniteelementbasedsoftware
viaabuilt-inClanguageinterpreter,inordertotakeinto
accountthedopingconcentrationandtemperaturedependence
ofthemobility.TheparametervaluesaresummarizedinTable
II.

µ(T,Nimp) = µ(300,Nimp)×
T

300

−β(Nimp)

(3)

β(Nimp) = βmin+
βmax−βmin

1+
Nimp
Nβ

γβ (4)

µ(300,Nimp) = µmin+
µmax−µmin

1+
Nimp
Nµ

γµ (5)

whereNimp=(Na+Nd)representsthetotalnumberofdopants.

C.Shockley-Read-Hallrecombinationmodel

Inbipolardevices,anelectron-holepairhasdifferentways
torecombine.Itcanrecombinethroughatrapwhichen-
ergyliesintheforbiddengap.Thisprocessisdescribed
byShockley-Read-Hall(SRH)statisticsanddependsonthe
injectedcarrierlifetimes.Eq.6describestherecombination
rateofthisprocess,Rsrhincm

−3.s−1.

Rsrh =
pn−n2i

aτsrhp +bτsrhn
(6)

a = n+niexp
Et
kT

,b=p+niexp −
Et
kT

(7)

withτsrhp(n)beingthehole(electron)lifetime,Ettheenergy
differencebetweenthetrapenergyandtheintrinsicFermilevel
energy.ForthesimulationswechosethevalueofEt=0eV
whichcorrespondstothemostefficientrecombinationcenter,
locatednearthemiddleoftheforbiddenbandgap.

D.Impactionizationmodel

Inordertopredictbreakdowncharacteristicsofdiamondde-
vice,impactionizationprocesshavetobetakenintoaccount.
Inthisway,weusedSelberherr’simpactionizationmodel
andimplementedthevaluesreportedinRef.[18].TableIII
presentsthevaluesusedinequation8.

TABLEIII

IMPACTIONIZATIONVALUESIMPLEMENTEDFROMREF.[18].

ap bp an bn

cm−1 V.cm−1 cm−1 V.cm−1

6.1×104 13.94×106 1.46×105 24×106

αp=apexp −
bp
|E|

,αn=anexp −
bn
|E|

(8)

withap,bp,an,bnbeingconstantsandEistheelectric
field.

III.BIPOLARJUNCTIONTRANSISTORSTRUCTURE

Fig.2representsthe2Dstructureofthesimulateddiamond
bipolarjunctiontransistor,followingthereportedworkofKato
etal.[8].Thesimulateddeviceiscomposedofann-typebase
withNd=10

18cm−3andthicknessof600nm.Totakeinto
accounttheeffectoftheselectivelygrownn+ diamond,a
uniformphosphorusdopeddiamondlayerwasdefinedinthe
n-typelayerwithdopingconcentrationofNd=10

20cm−3and
thicknessof300nm.Thep+-typeemitterwithNa=10

21cm−3

andthicknessof250nmwasdefinedontopofthen-type
layer.TheintrinsiclayerwithconcentrationNd=10

15cm−3

andthicknessof4µmwasdefinedbetweenthebaseandthe
substrate.Thelaterhavingathicknessof1µmandadoping



TABLEII

EMPIRICALMOBILITYMODELPARAMETERSIMPLEMENTEDINSILVACOFINITEELEMENTBASEDSOFTWARE.

Symbol βmin βmax Nβ γβ µmin µmax Nµ γµ

Unit cm−3 cm2.V−1.s−1 cm2.V−1.s−1 cm−3

Hole 0 3.11 4.1×1018 0.617 0 2016 3.25×1017 0.73
Electron 0 2.17 3.75×1017 0.585 0 1030 9.9×1016 0.564

concentrationofNa=6×10
19cm−3.Thecollectorcontactis

defineatthebottomofthep-typesubstrateandthebasewidth
W isestimatedtobe40µmandthenumberofcellsis12.Due
tonumericalconvergenceproblems,thecompensationratios
werenottakenintoaccount.Thelifetimesofcarriers(τsrhp(n)=τ)
implementedintheSRHrecombinationmodelhavebeencal-
culatedfromthediffusionlengthofholesLhreportedinRef.
[8].Theselifetimeswereevaluatedfromthediffusionlength
FromLh=4.2×10

−5cmusingLh=
√
Dτ,whereD=(kTµ)/q

isthediffusioncoefficient,wefindτ=2×10−10s.Sinceno
reportsexistonthedeterminationofthediffusionlengthof
electronindiamond,weassumedthatLh=Le,whereLeisthe
diffusionlengthofelectrons.

Fig.2. Structureofthesimulateddiamondbipolarjunctiontransistor
structureafterKatoetal.[8].ThebasewidthW wasevaluatedto40µm.

IV.RESULTS

Fig.3showsthecollectorcurrentasafunctionofthe
collectorvoltageforfourdifferentemittercurrentvaluesand
comparedwiththeexperimentaldatareportedinRef.[8],us-
ingthecommon-baseconfigurationat300K.Cleartransistor
actionisseenonFig.3.Thesimulatedcollectorcurrentsare
abouttwotimeshigherthantheexperimentaldatareportedin
Ref.[8]foranemittercurrentof3µA.Nevertheless,thesefirst
resultsarepromisingforsimulatingdiamondbipolardevices,
forestimatingtheirelectricalcharacteristicsandforinvesti-
gatingtrendsandvariousdependencies(physical,geometrical,
material). ThepoorinjectioncoefficientisshownonFig.4,
astheauthorsinRef.[8]described.
Ifthebasethicknessissmallerthanthediffusionlengthof

injectedminoritycarriers,therecombinationcanbeneglected
andtheelectricalcharacteristicsofthetransistorareimproved.
Thus,asmentionedinRef.[8],wevariedthegeometryof
thedevicebychangingthebasethicknessfrom600nmto
60nmandkeptthedopingconcentrationunchangedinorder
topredictthecharacteristicsofthedevice.Fig.4showsthe

Ic(Ie)characteristicofthedevicewithbasethicknessof60
nm.Thecurrentgainα=IC/IE ofthisdeviceisextremely
closetoone.Thesecondparameterwhichinfluencesthe
devicecharacteristicsisthecarrierdiffusionlength.Fig.5
demonstratetheinfluenceofthecarrierlifetimesonthe
currentflowlines(greylines)distributioninthestructurefor
anemittercurrentof5µAandcollectorvoltageof10V.Clear

Fig.3. DCoutputcharacteristicsofthesimulateddiamondbipolarjunction
transistorat300Kinthecommon-baseconfiguration.Theopencircles
representtheexperimentaldatasreportedinRef.[8].

Fig.4. Simulatedcollectorcurrent(IC)asafunctionoftheemittercurrent
(IE)underacollectorbiasof-60Vforthebasethicknessof600nmand
60nm,W600nmandW60nmrespectivelly.Thesimulatedgainα=IC/IE
isbetween0.63and0.96.Theexperimentaldataareplottedasacomparison,
showingthepoorinjectioncoefficient.



(a) 

(b) 

Fig.5. Colorplotshowingthepotentialinthediamondbipolarjunction
transistorinthecaseof(a)τ=10−9sand(b)τ=10−11s.Thegreylines
representthecurrentflowlineinthedevice.

improvementofthetransistoractionisseenwhenthelifetime
isincreasedfrom10−11sto10−9s.
Thebreakdownvoltageofthecollector-basePINjunction

relatedtothespecifiedionizationrates wasestimatedto
approximately2000V(seeFig.6),basedonanumerical
calculationofavalancheionizationintegralaspresentedin
[19].Thepredictedbreakdownfieldis5MV/cm.

Fig.6. Multiplicationfactorasafunctionofthetotalvoltagecalculated
fromthereportedvaluesofRef.[18].

V.CONCLUSION

Electricandelectronicpropertiesofdiamondbipolartran-
sistorweresimulatedforthefirsttimeusingSilvacofinite
elementbasedsoftware.Duetoaneffectoflargeactivation

energyinthelargebandgapsystem,carrierconcentration
isextremelylow.Thecarrierlifetimeswereestimatedfrom
thediffusionlengthreportedinRef.[8]andimplementedin
SRHrecombinationmodel.Simulatedcurrent-voltage(I(V))
characteristicsassumingthesimple2Dstructurestructurewith
basedopingofNd=10

18cm−3andthicknessof600nm
werecomparedwiththeexperimentaldata.Largediscrepancy
wasobservedbetweenthesimulatedresultsandexperimental
dataontheslopofI(V)curve.Thismeansthattheother
unconsideredfactorssuchasohmiccontactresistivity,carrier
tunnelingandcrystallinedefectscontributesstronglytothe
I(V)characteristicsofdiamondbipolarjunctiontransistor.
Thisworkismotivatedbytheincreasingnumberofdiamond
deviceswhichemergedinthepastfewyears.Recently,ithas
beendemonstratedthatdifferentregimescanbecontrolledin
a MOScapacitor[20]openingtherouteforthefabrication
ofa MOSfieldeffecttransistor.Thus,itisfundamentalto
predictasaccuratelyaspossibletheelectricalcharacteristics
ofthisfuturediamonddeviceaswellasitsarchitecturein
ordertofabricatepowerdevicesshowingoutstandingelectrical
performances.
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itisoffundamentalimportancetoaccuratelyimplementthephysicalpropertiesofdiamondintofiniteelement

basedsoftware.Inthiscontext,weusedSilvacotomodeladiamondp–njunctionandstudiedthecarrier

densitiesresponsiblefortheelectricalcharacteristicsofthedevices.Thesimulatedelectricalcharacteristicsare

comparedtoexperimentaldataandtheinfluenceofShockley–Read–HallandAugerrecombinationmodelson

thecarrierdensitiesandJ(V)characteristicswasinvestigated.Thebiasvoltageboundarybetweenlowand

highinjectionconditions,Ψbi=4.7eV,waswellreproduced.However,theextremelylowcalculatedcarrier

densitiesleadtoextremelylowcurrentdensitiesinthelowinjectionregime,reachingthenumericalprecision

limit.Thesimulationofthereversecharacteristicpredictsabreakdownvoltageof225V.Preliminaryresults

onhoppingconductivityimplementationintothesimulationtoolarepresented.Eventually,theseresultswill

beusedtopredictthearchitectureandbehavioroffuturedevices,suchasbipolarjunctiontransistorand

metal–oxide–semiconductorfieldeffecttransistor.
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1.Introduction

Thelasttwentyyearsofdevelopmentincontrollingbothgrowth

qualityanddopingconcentrationinCVDdiamondhasledtothe

emergenceofelectronicdevicessuchasSchottkydiodeswithstanding

highbreakdownfield(7.7MV.cm−1)[1],lateralp–njunctionswith

extremelylowleakagecurrent(b2.10−6A.cm−2underareversebias

voltageof30V)[2],H-terminatedfieldeffecttransistorsshowinghigh

cutofffrequency(53GHz)[3],junctionfieldeffecttransistorsusing

selectivelygrownn-typediamondhavinghighcurrenton/offratios

(107–108)[4]andmorerecentlybipolarjunctiontransistorsfabricated

eitheron(111)-orientedIIbdiamondor(001)-orientedIIbdiamond

usingtheselectivegrowthtechnique[5,6].Thephysicalpropertiesofdi-

amond,suchashighbreakdownfield(10MV.cm−1[7]),highelectron

andholemobilities(1000cm2.V−1.s−1and2000cm2.V−1.s−1respec-

tively,fordopinglevelsbelow1017cm−3atroomtemperature[8–10]),

highthermalconductivity(22W.cm−1.K−1)andextremelylowintrinsic

carrierconcentrationatroomtemperature(ni≈10
−27cm−3)leadto

thehighestcalculatedfiguresofmerit[11],makingdiamondtheulti-

mate semiconductorforhighpowerandhighfrequencyelectronic

applications.

Inthiscontext,thepredictionofthedeviceelectricalcharacteristics

isneededinordertoreachthepredictedmateriallimits.Thisprediction

ispossiblebyimplementingthephysicalparametersandmodelsofdi-

amondinTCADfiniteelementbasedsoftware.Forinstance,Rashidetal.

[12]havemodeleda1DSchottkym–i–p+diodeandstudiedthefor-

wardandreverseJ(V)characteristicsofthestructure.Theypresented

theimplementedmodelsandpointedoutthelackofdatainherenttodi-

amondmaterialaswellasthedifficultiesencounteredtosimulatein-

trinsicdiamondlayersincetheintrinsiccarrierconcentrationisofthe

orderof10−27cm−3at300K.Theyfoundgoodcorrelationsbetween

simulatedandexperimentalSchottkydiodeJ(V)characteristics.Thear-

chitectureofsuchaunipolardevicehasalsobeenstudiedinRef.[13].

Theauthorsstudiedtheeffectofafieldplateontheelectricfielddistri-

butioninthestructureshowingtheimportanceofnumericalsimulation

foroptimizingthedevicearchitecture.Nawawietal.[14]modeledthe

staticandtransientcharacteristicsofadiamondSchottkydiodein

ordertodemonstratethepotentialofdiamondunipolardevicesfor

powerelectronicapplications.However,amoresystematicapproach

formodelingeitherunipolarorbipolardiamonddevicesisneeded.

Sincediamondtechnologyisstillveryyoung,thereisalackofparame-

tervaluesinthenumericaltools.Intheperspectiveofaccuratelymodel-

ingdiamonddevices,itisoffundamentalimportancetoimplementthe

physicalparametervaluesofdiamond(impactionizationcoefficient,

carrierlife-times)and mobility modelsintothedevicesimulators,

overawiderangeoftemperature.Inthispaperthephysicalparameter

valuesofdiamondhavebeenimplementedintoSilvacoTCADfiniteele-

mentbasedsoftware.Theimplementedmodelshavethenbeenapplied

toadiamondp–njunctionafterMakinoetal.[35]andKoizumiand

Makino[33].Thesereferenceswereusedtocomparetheimplemented

parametervaluesandmodels.

Inthefirstpartofthepresentwork,thenumericalmodelswillbe

described.Then,thesimulateddiamondp–njunctioncharacteristics

willbepresented.Theinfluenceoftemperature,Shockley–Read–

HalllifetimesandAugerrecombinationparametersonthecarrier

densitiesandontheJ(V)characteristicswillbeshown.Wewillcon-

cludeontheperspectivesandthemaindifficultiesduetothelackof

parametervaluesandmodelsimplementedinthenumericalsimula-

tiontools.

2.Numericalmodels

Threemodelswereusedinordertotakeintoaccountthespecific

propertiesofdiamond,i.e.theincompleteionizationofdopants,thecar-

riermobilityandtherecombinationprocesses.

2.1.Incompleteionization

Thefreecarrierconcentrationsarecalculatedbysolvingthe

neutralityequations:

pþNd¼
Na
1þp

ϕa

;ϕa¼ghNvT
3=2
exp−

Ea
kT

ð1Þ

nþNa¼
Nd
1þn

ϕd

;ϕd¼geNcT
3=2
exp−

Ed
kT

ð2Þ

wherep(n)isthefreehole(electron)concentration,Na(d)isthe

acceptor(donor)concentration,Ea(d)istheacceptor(donor)thermal

activationenergy,kistheBoltzmannconstant,histhePlanckconstant

andTisthetemperature.TheeffectivedensitiesofstateareNv=

2(2πmh
∗k)3/2/h3andNc=2(2πme

∗k)3/2/h3.Thedegeneracyfactorisei-

thergh=1/4forholesorge=2forelectrons[15]andthedensity-of-

stateeffectivemassesaremh
∗=0.908m0andme

∗=0.55m0forholes

andelectronsrespectively.Theholedensity-of-stateeffectivemass

valueistakenfromWillatzenetal.inRef.[16]andcalculatedbythepro-

ceduredescribedbyPernotetal.inRef.[10].Theelectrondensity-of-

stateeffectivemassiscalculatedfromtheexperimentalvaluesofRef.

[17]asme
∗=(m⊥

2m//)
1/3,withm⊥=0.306 m0andm//=1.81 m0.

Theseimplementedvaluesareincloseagreementwiththerecent

experimentalreportofNakaetal.[18].

Thelargeactivationenergiesofdopantsindiamondleadtoin-

completedopantionizationatroomtemperature.Thisisthemain

reasonwhyregulardevicessuchasjunctionfieldeffecttransistor

(FET)havepoorelectricalperformances,andspecificarchitectures

havebeendevelopedsuchasdelta-dopedFET[19,20]orhydrogen-

terminatedFET[3].Asthephysicsleadingtothereductionoftheioniza-

tionenergyisquitecomplex,anempiricallawhasbeenused,inspired

fromthePearsonandBardeenmodel[21].Parametershavebeenadjust-

edforboronacceptorinordertoget0.38eVionizationenergyatlow

dopantconcentration[22]andzeroattheinsulator–metaltransitionof

4.5×1020cm−3[23]:

EaeVð Þ¼0:38−4:7877 10
−8

N
1
3

a ð3Þ

whereEa(eV)isthethermalactivationenergyoftheboronacceptorin

electron-voltandNaistheboronconcentrationincm
−3.Inthecaseof

phosphorusdonor,aconstantvalueofEd=0.57eVfortheactivation

energyhasbeenassumed[24,17]sincereportsindicatenomeasurable

reductionupto1019cm−3,andhoppingconductionabove.However,a

recentreport[25]indicatesadecreaseoftheactivationenergyofphos-

phorusinthepresenceofhighconcentrationofcompensatingimpuri-

ties.Inthepresentwork,weonlyconsiderlowcompensatedn-type

diamond,thustheionizationenergyofphosphorusissettoEd=0.57eV.

Itresultsthat,atroomtemperature,aboutoneacceptorinone

thousandisionizedandonlyonedonorinonemillionisionizedfora

dopinglevelof1017cm−3(obviouslylowervalueswillbeachieved

whentakingintoaccountthecompensation).

2.2.Empiricalmobilitymodel

Anotherparameterwhichinfluencesdiamondelectronicdevice

performancesistheelectronandholemobility.Theempiricalmodel

usedtofittheexperimentalHalleffect measurementsreportedin

Refs.[26,9](seeEqs.(4)to(6))hasbeenimplementedintoSilvaco

finiteelementbasedsoftwareviaabuilt-inClanguageinterpreter,in

ordertotakeintoaccountthedopingconcentrationandtemperature

dependenceofthemobility.Thismethodhasbeenadopted,insteadof

theproposedMasettimodel[27],inordertoimplementinasecond

timethehoppingmechanism,presentedinSection5.2.Theparameter

valuesaresummarizedinTable1.

35A.Maréchaletal./Diamond&RelatedMaterials43(2014)34–42



Author's personal copy

μT;Nimp ¼μ300;Nimp
T

300

−βNimpð Þ
ð4Þ

βNimp ¼βminþ
βmax−βmin

1þ
Nimp
Nβ

γβ
ð5Þ

μ300;Nimp ¼μminþ
μmax−μmin

1þ
Nimp
Nμ

γμ
ð6Þ

whereNimp=(Na+Nd)representsthetotalnumberofdopants.This

empiricalmobilitymodelshowsgoodagreementwiththeexperiments

overawiderangeofdopingconcentration,fromNa=10
14cm−3,

wherethemobilityisequalto2016cm2.V−1.s−1,toNa=10
21cm−3

wherethemobilityfallsdowntounity.Concerningthephosphorus

donor,themobilityismaximum(μmax=1030cm
2.V−1.s−1)forNd=

1014cm−3,andclosetounitywhenNd=10
20cm−3.

2.3.Shockley–Read–HallandAugerrecombinationmodels

Thecarrierdynamicsanddistributioninap–njunctionarestrongly

influencedbyrecombinationprocesses.Inbipolardevices,anelectron–

holepairhasdifferentwaystorecombine.Afirstwayistorecombine

throughatrapwhichenergyliesintheforbiddengap.Thisprocessis

describedbyShockley–Read–Hall(SRH)statisticsanddependsonthe

injectedcarrierlifetimes.Eq.(7)describestherecombinationrateof

thisprocess,Rsrhincm
−3.s−1.

Rsrh¼
pn−n2i

aτsrhp þbτ
srh
n

ð7Þ

a¼nþniexp
Et
kT
;b¼pþniexp−

Et
kT

ð8Þ

withτp(n)
srh beingthehole(electron)lifetime,Ettheenergydifference

betweenthetrapenergyandtheintrinsicFermilevelenergy.During

thesimulationsthevalueofEt=0eVhasbeensetandcorresponds

tothemostefficientrecombinationcenter,locatednearthemiddleof

theforbiddenbandgap.

Thesecondrecombinationprocessconsidered wastheAuger

recombinationprocessoccurringathighdopingconcentration,

describedinEq.(9).Thisprocessoccursthroughanon-radiativerecom-

binationprocessinwhichanelectron–holepairrecombinesandgives

itsenergytoathirdparticle.

RAuger¼Γ
Auger
p npn−n

2
i þΓ

Auger
n pnp−n

2
i ð9Þ

withΓp(n)
Augerbeingthehole(electron)recombinationcoefficientin

cm6.s−1.Thesecoefficientshavebeenstudiedforsiliconbaseddevices

anddonotshowtemperaturedependence[28].

SRHandAugerrecombinationmodelshavebeenwidelystudiedfor

siliconbaseddevices.Eveniftheirvaluesareunknownfordiamond,

theirinfluencesonthecarrierdensitiesandonthesimulatedJ(V)

characteristicshavebeenstudiedintheviewofreproducingexperi-

mentalelectricalcharacteristics.

2.4.Temperaturedependentbandgap

Thedependenceofthediamondbandgapwithtemperaturecanbe

modeledbyusingEq.(10).

EgTðÞ¼Eg300Kð Þþα
3002

βþ300
−α

T2

βþT
ð10Þ

withEg(300K) =5.46eVthediamondbandgapat300K,α=

1.01007eV.K−1,β=3.95198×106Kfittingparametersdetermined

fromtheexperimentaldatareportedonRef.[29].

3.Basicequations

Inasemiconductor,freecarrierdisplacementinducesacurrent.This

currentcanbecausedeitherbyanappliedelectricfield(carrierdrift)or

byadifferenceincarrierconcentrationbetweentworegions(carrier

diffusion).Thesetwophenomenaaretakenintoaccountbysolving

Poisson'sequationtogetherwiththecarriercontinuityequationand

drift-diffusiontransportequations[30,31].Alltheequationscanbe

solvedanalyticallybyknowingtheboundaryconditionsusing

Boltzmannapproximation.However,whentheFermi–Diracstatisticis

considered,oneneedstouseanumericaltoolforsolvingtheequations.

Furthermore,whenrecombination–generationprocessesaretakeninto

account,orwhen2Dand3Dstructuresarestudied,numericaltools

begintobemandatory.Thefollowingsectionpresentsthep–njunction

characteristicsstudiedtocheckthevalidityoftheparametervaluesand

modelsimplementedintoSilvacosoftware.Newton'sfiniteelement

methodisusedforsolvingtheequationsateachmeshpointofthe

structure.

4.Modelizationofadiamondp–njunction

Duetothelargedopantionizationenergies,thecharacteristicsofthe

diamondp–njunctionsareexpectedtobedifferentfromclassical

siliconp–njunctions,mainlyduetothedeep-dopanteffect[32].In

ordertoverifythepropertiesofthediamondp–njunctionsimulated

bySilvacofiniteelementbasedsoftware,westudiedtheelectrostatic

featuresofthestructureaswellasthecarrierconcentrations.Thesimu-

lationofthemobilityneglectedtheeffectoftheelectricfieldinthe

structureaswellasthehoppingmobility.Theeffectofthefirstone

wouldbeadecreaseofthemobilityintheregionsofhighelectricfield

leadingtoadecreaseofthecurrentdensity.Onthecontrary,the

hoppingmechanismwouldincreasethemobilityandhenceincrease

thecurrentdensityinthep–njunction.

4.1.p–njunctioncharacteristics

Thesimulatedp–njunctionwasinspiredbytheworkofKoizumi

etal.[33,34]andMakinoetal.[35,36].Forsimplicity,weconsidered

a1Dequationresolutiontocheckthevalidityofthedifferentparam-

etervaluesandmodelsimplementedinthenumericalsimulation

tool.Thestructureofthesimulateddiodeconsistsinann+-typedi-

amondlayerwithphosphorusconcentrationNd=2×10
19cm−3

andthicknessof1μmdefinedontopofthep-typediamondlayer

Table1

EmpiricalmobilitymodelparametersimplementedinSilvacofiniteelementbasedsoftware.

Symbol βmin βmax Nβ γβ μmin μmax Nμ γμ

Unit cm−3 cm2.V−1.s−1 cm2.V−1.s−1 cm−3

Hole 0 3.11 4.1×1018 0.617 0 2016 3.25×1017 0.73

Electron 0 2.17 3.75×1017 0.585 0 1030 9.9×1016 0.564
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withboronconcentrationNa=4×10
17cm−3andthicknessof1μm.

Thisstructurehasbeenchosentobeverticalinoppositiontothe

pseudo-verticalstructurepresentedinRef.[33]forsimplicity.The

temperaturehasbeensetto300K.Ohmicboundaryconditions

wereappliedbysandwichingthejunctionbetweentwometallic

electrodescoveringtheentiresurface.Thecompensationratiosare

cn=10%[9]andcp=1.25%inthen
+-typeandp-typelayersrespective-

ly.ThemodelspresentedinSection2wereappliedtothep–njunction.

Particularattentionwaspaidwhendefiningthemeshofthestructure

topreventnumericalconvergenceproblems.Fig.1.(a)showsthe

simulatedelectricfieldasafunctionofthepositioncenteredatthe

p–njunction,fordifferentbiasingconditions.Themaximumelectric

fieldvalueatthep–njunctionislinkedtothebuilt-inpotential

accordingtoEq.(11).

jEmj¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2qNaNdΨbi−Vð Þ

ϵSNaþNdð Þ

s

; ð11Þ

whereΨbi=Eg−Ea−Edisthebuilt-inpotential,q=1.602×10
−19C

theelementarycharge,VistheappliedvoltageandϵS=5.7ϵ0.Byapply-

ingaforwardbiasvoltagetothejunction,thewidthofthespacecharge

regionisreducedleadingtoadecreaseintheelectricfieldintensity.The

slopeoftheelectricfieldversusdepthinthep-typeregion,neartothe

junction,givesthedopingconcentrationinthespacechargeregionac-

cordingtodE/dx= −qNa/ϵS.Theionizeddopantconcentrationis

showninFig.1.(b).Inthespacechargeregion,whichmainlyextends

inthelowestdopedregion,thedopantsarefullyionized. Moving

awayfromthejunction,theionizeddopantconcentrationreachesthe

compensationconcentration.Fig.1.(c)showsthebandalignmentat

zerobiasvoltageand300K.ThesefirstDCsimulationsclearlydemon-

stratethatthespecificitiesofdiamonddevicesarecorrectlyimplement-

ed,andmorepreciselytheincompleteionizationisverified.

4.2.Carrierdensityprofiles

Forcalculatingthecurrentdensitiesinthep–njunction,itisneces-

sarytosolvethedrift-diffusiontransportequationswhichdependon

thecarrierdensitiesinthedevice.Thecarrierdensitiesareaffectedby

theappliedvoltageaswellastherecombination–generationprocesses.

Dependingonthebiascondition,thestructurecanbeeitherinthelow

orhighinjectionregime.Thefollowingcarrierdensitiesresultfromthe

simulationofthediamondp–njunctionwithoutactivatingneitherSRH

norAugermodelstolimittheeffectsoftheserecombinationmodels.

Theirinfluenceswillbestudiedinthenextsection.

4.2.1.Lowinjectionregime

Inthelowinjectionregime,theholeconcentrationinthen+-type

region(minoritycarriers),iswellbelowtheelectronconcentration

(majoritycarriers).Theholeconcentrationinthen+-typeregionis

increasedbyincreasingtheappliedforwardvoltage.Theeffectofthe

appliedforwardvoltageonthecarrierconcentrationsispresentedin

Fig.2.(a).Thecalculatedcarrierconcentrationsareextremelylow,of

theorderof10−63cm−3atVbias=0.1V,butevenwithsuchlow

concentrations,theresultsareconsistent.

Theholeandelectronconcentrationsarerelatedtothequasi-Fermi

level(q-FL)positionrelativetotheintrinsicFermilevel(Ei≈Eg/2),as

showninEq.(12)[31].

p¼niexp
Ei−EFp
kT

;n¼niexp
EFn−Ei
kT

ð12Þ

whereniistheintrinsiccarrierconcentration,EFpandEFnaretheq-FLfor

holesandelectronsrespectively.

Whenthedifferenceinenergybetweentheq-FLforholesandthein-

trinsicFermilevelisconstant,theholeconcentrationremainsconstant

inthestructure.Thesameholdsfortheq-FLforelectrons.Thisisillus-

tratedinFig.2.(b),whichrepresentsthesimulatedbanddiagramof

thep–njunctionforVbias=4V.

Theextremelylowcarrierconcentrationsresultinextremelylow

diffusioncurrentsinthelowinjectionregime,andreachthenumerical

precisionlimitwhichisoneofthemainlimitationsofdiamonddevice

simulations.However,thisisnotaproblembecause,atlowbiasthe

leakagecurrentismainlygovernedbythecarriergenerationwithin

thespacechargeregionratherthandiffusion.Theleakagecurrentdue

tocarrierdiffusion(saturationcurrent)wouldindeedrepresenta

negligiblepartofthe measuredreversecurrent[31].Asitwillbe

shownhereinafter,amoredetailedmodelofgenerationisrequiredfor

aprecisemodelofleakagecurrents.
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Fig.1.(a)Electricfieldcalculatedacrossthejunctionatdifferentforwardbiasvoltages.

(b)Ionizeddopantconcentrationasafunctionofthepositionatdifferentforwardbiasvolt-

ages.Thetransitionbetweenthespacechargeregionandtheneutralregionsiscorrectly

modeled.(c)BandstructurecorrespondingtothejunctionatzerobiasandT=300K,

whereCBandVBcorrespondtotheconductionbandminimumandvalencebandmaxi-

mumrespectively.
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4.2.2.Highinjectionregime

Thehighinjectionregimeappearsathigherbiasvoltage,which

thresholdisgivenbyΨbi=4.7eV,deducedfromFig.1.(c),atroomtem-

perature.Consequently,theholeconcentrationinthen+-typeregion

becomesgreaterthantheelectronconcentration.Fig.3.(a)showsthe

holeandelectronconcentrationsinthestructure.Itcanbeseenthat

theholeandelectronconcentrationsareno moreconstantinthe

neutralregions.Thisisduetothefactthattheinjectedchargesinduce

thebendingoftheconductionandvalencebandsasitisshownonthe

banddiagrampresentedinFig.3.(b).Thisbendingcausesapotential

dropattheoriginoftheseriesresistanceofthep–njunctionandthe

resistivitymodulation.

Fig.4showsthesimulatedJ(V)characteristicsofthediodereported

inRef.[33]atthreedifferenttemperatures.Theexperimentaldataare

plottedasacomparison.Forbiasvoltagelowerthanthebuilt-inpotential,

thesimulatedcurrentlevelisoftheorderof10−10–10−11A.cm−2,and

stronglylimitsthesimulationsbecauseitreachesthenumericalprecision

limitofapproximately10−11A.cm−2.

ThecomparisonbetweentheexperimentalandsimulatedJ(V)

characteristicshowsthatthesimulatedlowinjectionregimecurrent

densitiesdonotcorrespondtothemeasuredone.Thisispossiblydue

toparallelleakageconductionpathswhicharenottakenintoac-

countduringthesimulations,anditisalsoaconsequenceofmaterial
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Fig.2.(a)Holeandelectronconcentrationsfordifferentlowforwardbiasconditions.

(b)Banddiagramofthesimulatedp–njunctionat300KforVbias=4V,showingconstant

q-FL,EFpandEFnrespectively.
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(b)Banddiagramofthesimulatedp–njunctionat300KforVbias=7V,showingband
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impuritiesanddefectswhichaffectscarriergeneration.Inthehigh

injectionregimethereisadifferencebetweenexperimentaland

simulatedcurrentdensitieswhichcanbeadjustedeitherbyadding

acontact/accessresistancetotheelectrodesorbytuningthecarrier

lifetimesoftherecombination models.Inordertobetterfitthe

experimentalJ(V)characteristics,weinvestigatedontheeffectsof

SRHandAugerrecombinationmodels.Theresultsarepresented

anddiscussedinthenextsection.

4.2.3.SRHlifetimesandAugerrecombinationparameterinfluence

TostudytheinfluenceofSRHlifetimevaluesonthesimulatedp–n

junctioncharacteristics,wechosethevalueofEt=0eVwhichmax-

imizestheSRHrecombinationrate,Rsrh.Fig.5presentsthecarrier

concentrationsinthelow(Vbias=1V)andhigh(Vbias=7V)injec-

tionregimeforthreeSRHlifetimes,τp
RSH=τn

RSH=10−9s,10−10s

and10−11swiththeconstantAugercoefficientsΓp
Auger= Γn

Auger=

10−30cm6.s−1.Itcanbenoticedthat,byincreasingthecarrierlife-

timesupto10−9s,thecarrierconcentrationsareclosertotheconcen-

trationscalculatedwhentheSRHandAugerrecombinationmodelsare

notimplemented.TheinfluenceoftheAugerrecombinationparameter

onthecarrierconcentrationsisshowninFig.6.Forthisstudy,thevalue

oftheSRHcarrierlifetimeswasτp
RSH=τn

RSH=10−9s.Whendecreasing

theAugerrecombinationparameterdownto10−30cm6.s−1,thecarrier

concentrationsareclosetothecalculatedonewithoutrecombination

models.Thesimulationsrevealthatmostoftheinfluenceappearsin

thehighinjectionregime.

Theinfluenceoftherecombination–generationparametersonthe

J(V)characteristicsispresentedinFig.7.Relatedtothecarrierconcen-

trations,themaininfluenceoftheparametervaluesappearsinthehigh

injectionregime.Inthelowinjectionregime,theminoritycarriercon-

centrationsaretoolowtohaveasignificantinfluenceonthecurrent

densities.

ThestudyoftheinfluenceoftheSRHlifetimesandtheAugerrecom-

binationparametervaluesshowsasignificantinfluenceonthecurrent

densities.Forinstance,goingfromτ=10−11stoτ=10−10sleads

toanincreaseofafactor728inthecurrentdensityat10V.

Eventhoughtherecombinationmodelshaveaninfluenceonthe

currentdensities,thedifferentparametervaluesdonotleadtoa

betterfitoftheexperimentalJ(V)characteristicinthelowinjec-

tionregime(seeFig.8).However,inthehighinjectionregime

thecontactresistancecanbetunedtofittheexperimentalJ(V)as

showninFig.8.Acombinationofgeneration–recombination
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at300Kandforaconstantvalueofap
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modelsandseries/contactresistancemustbeadded,withapartic-

ularattentiononcarriergenerationatlowforwardbiasandreverse

bias.

5.Limitationsandperspectives

AsshowninSection4,thecarrierconcentrationsareextremelylow.

Asaconsequence,whentheappliedforwardvoltageislowerthanthe

built-inpotential,thecurrentdensityinthep–njunctionistoolowto

beaccuratelycalculated,asitreachesthenumericalprecisionlimit.

Impuritiesanddefectsmustalsobeintroducedandmodeledinorder

tocorrectlyrepresentthespecificitiesofnoveldiamonddevices.These

aresomeofthemainlimitationsfordiamonddevicesimulation,since

theintrinsiccarrierdensityisextremelylowaswellasthefreecarrier

concentrations.Furthermore,predictionoftheelectricaldevicecharac-

teristicsneedstheimplementationofavalancheimpactionization

parametervaluesaswellashoppingconductivitymodelsintothesimu-

lationtools.

5.1.Avalancheimpactionizationcoefficients

Topredictthebreakdownvoltageofthesimulateddevices,one

needstoknowtheavalancheimpactionizationcoefficientsforholes

andelectrons,αpandαnrespectivelyshowninEq.(13)[37].

αp¼apexp−
bp
Ejj
;αn¼anexp−

bn
Ejj

ð13Þ

where|E|istheelectricfieldinthestructure,ap(an)andbp(bn)arecon-

stantsforholes(electrons),orelectricfieldandtemperaturedependent

dependingontheimplementedimpactionizationmodel.Theavalanche

impactionizationcoefficientsareusedtocalculatethemultiplication

coefficientsforelectronsandholes(Mn,Mp)playingaroleinthecalcu-

lationofthetotalcurrentdensity[31].Atthepresenttime,thereareno

experimentalreportsconcerningtheseparametervalues.However,

theoreticalvaluesextrapolatedfromsiliconandsiliconcarbidearere-

portedinRefs.[12,37,38].Forinstance,thevaluesofap,n=1.935

×108cm−1andbp,n=7.749×10
6V.cm−1implementedinthemodels

reportedinRef.[38]ledtoabreakdownfieldofEmax=1.23MV.cm
−1

foradopinglevelNa=1.23×10
17cm−3.Thesameparametervalues

usedforestimatingthebreakdownfieldoftheSchottkydiodereported

inRef.[1],ledtoadecreaseofafactor10ofthesimulatedbreakdown

fieldascomparedtothemeasuredEmax=7.7MV.cm
−1foraboron

concentrationofNa=(1.4–2.8)×10
16cm−3.Furthermore,thisvalue

ismuchlowerthanthepredicted10MV.cm−1breakdownfield.Due

tothislowbreakdownfieldvalue,theauthorofRef.[38]usedanother

simulationmethodwhichconsistedtostopthesimulationswhenthe

electricfieldintheSchottkydiodereached5.6MV.cm−1,amethod

opentocriticismbutjustifiedbythelackofimpactionizationdatarelated

todiamond.

Recently,HiraiwaandKawarada[39]theoreticallyreproduced

thebreakdownvoltageasafunctionofthedopingconcentrationof

diamonddiodesbyestimatingaccuratelytheionizationcoefficients.

Thesecoefficientswereimplementedinthesimulationtool.Particular

attentionwaspaidforsimulatingthereversebreakdowncharacteristic
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becauseoftheextremelylowcalculateddiffusioncurrents.Thus,an

arbitraryvaluetotheleakagediffusioncurrentwasdefinedbefore

modelingthereversebreakdowncharacteristicbyusingtheimpact

ionizationmodel.Fig.9presentsthetheoreticalreversecharacteristic

ofthesimulateddiamondp–njunctiondiode.Itpredictsabreakdown

voltageofapproximately225V.Theinsetshowsthetheoreticalelectric

fieldasafunctionofthedepthatbreakdown,themaximumfieldbeing

7.7MV.cm−1.

Ongoingworkontheimplementationoftrapassistedtunneling[40]

andbandtobandtunnelinginordertomodelthelowinjectioncurrent

andthereversecurrentofthebipolardeviceswilleventuallyleadtoa

betterestimationofthecurrentdensityinthelowinjectionregime.

5.2.Hoppingmobilitymodel

Atdopinglevelsoftheorderof1018–1019cm−3,belowthe

metal–insulatortransition,theconductivityisdominatedbycarrier

hoppingfromneutraltoionizedimpurities.Unlikesilicon,atroom

temperature,thisconductionmechanismplaysanimportantrole

indiamond.Thenearestneighborhopping(NNH)experimentally

observedinann+-typediamondleadstoadecreaseoftheresistivity,

andhenceimprovestheperformanceofthedeviceasshowninRef.

[41].Inordertotakethismechanismintoaccountduringthesimulations,

theNNHformulahasbeenimplementedintoSilvacoviaabuilt-inClan-

guageinterpreter.Theequivalentmobility(μeq)iscalculatedasfollows:

σn¼qnBμBþnHopμHop ð14Þ

σn¼qnBμeq ð15Þ

μeq¼μBþ
nHop
nB
μHop ð16Þ

μHop¼
1

6

qR2Hop
kT
νphexp−2αRHop−

qWHop
kT

ð17Þ

wherethetermμBrepresentsthebandconductionmobility,describedin

Section2.2,andthetermμHoprepresentsthenearestneighborhopping

mobility[42].nBistheelectronconcentrationintheconductionbandcal-

culatedfromEq.(2)andnHopisthehoppingcarrierconcentrationgiven

bynHop=Nd−nB,whichrepresentsthenon-ionizedcarrierconcentra-

tion.Sincethethermalionizationenergyofthephosphorusdonoris

highindiamond,thenumberofnon-ionizeddonornHopisassumedto

beNd.Inthisapproach,weassumedthatallthenon-ionizedimpurities

participatetothehoppingmechanism.AccordingtoRef.[43],α−1=

1.8nmisthelocalizationlengthofthewavefunction[44,45],WHopis

thethermalactivationenergyforthehoppingprocess,RHop≈Nd
−1/3is

themeandistancebetweenimpuritiesandνph=2×10
11s−1isrelated

tothephononfrequency[43].Inthecaseofboron-dopeddiamond,the

conductivityisgovernedbyacombinationofbandconductionandvari-

ablerangehopping(VRH)mechanism[23,46].

Inordertovalidatetheapproachandthepossibilityofhoppingmo-

bilityimplementation,auniform1Dn-typediamondlayerwithatop

andabottomohmicelectrodewassimulatedinSilvacousingtheequiv-

alentmobilityformula(seeEq.(16))implementedviatheClanguage

interpreter.Theprocedurewastoapplyasmallvoltagebiasbetween

thetwoelectrodes,thenfromtheJ(V)characteristicsweextractedthe

totalresistance(dv/di)tofinallygettheresistivityofthen-typedia-

mondlayer.PreliminaryresultsarepresentedinFig.10,whichshows

theresistivityasafunctionofthedopingconcentration.Thedecrease

inresistivityduetohoppingconductivitymechanismappearsclearly

at200KforadopinglevelofNd=2×10
18cm−3,andat300Kforadop-

inglevelofNd=10
19cm−3.Athighertemperature,theeffectofhop-

pingmechanismtendstovanish,asitcanbeseenfor500Kand600K.

Thereliabilityofthehoppingmobilityformulaimplementationis

confirmedinFig.11,whichpresentsthesimulatedresistivityasafunc-

tionof1000/Tfordifferentcompensationvaluesandadopingconcen-

trationofNd=8×10
19cm−3.Thecompensationwastakenasafitting

parameter,inordertoreproducetheexperimentaldatareportedby

Oyamaetal.inRef.[41](blueopencircles).Itappearsthatthecompen-

sationaffectsthehightemperatureregionofthecurve,whichcorre-

spondstothebandconductionmechanism.However,from50Kto

200K,whentakingintoaccountthedifferentcompensationvalues,

theresistivitycannotbecalculatedconsequentlytotheextremelylow

carrierconcentrations.Thehoppingresistivityisnotaffectedbythe

compensationvaluesastheauthorinRef.[47]reportedforboron

dopeddiamond.

Thismodelsuccessfullytakesintoaccountthehoppingconduction

mechanismandreproducestheexperimentalresistivityreportedin

Ref.[41].Furthermore,itwillbeusedtopredicttheeffectofhopping

conductiononthedeviceelectricalcharacteristics,withoutfalselycon-

tributingtootherphenomena.

6.Conclusion

Electricandelectronicpropertiesofdiamondp–njunctionwere

simulatedforthefirsttimeusingSilvacofiniteelementbasedsoft-

ware.Duetoaneffectoflargeactivationenergyinthelargeband

gapsystem,carrierconcentrationchangedlargelyinthelowinjec-

tioncondition withbiasvoltage.Oncetheinjectioncondition

changedintohighinjectionmode,bandbendingwaspredictedto

occurevenintheneutralregioninthen-typelayer.Simulated
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thecombinedeffectofbandandhoppingmechanisms(solidline)comparedtotheband

conductionmechanism(dashedline).

0 2 4 6 8 10 12

103

102

101

100

10-1

104

1000/T (K-1)

R
es
is
ti
vi
ty
 (
Ω
.
c
m)

Fig.11.Calculatedresistivityasafunctionof1000/TforNd=8×10
19cm−3atdifferent

compensationvalues.TheopencirclesrepresenttheexperimentaldatareportedinRef.

[41].

41A.Maréchaletal./Diamond&RelatedMaterials43(2014)34–42



Author's personal copy

current–voltage(J(V))characteristicsassumingthesimplestakingp–n

junctionstructurewithNa=4×10
17cm−3forthep-typelayerand

Nd=2×10
19cm−3forthen+-typelayerwerecomparedwiththeex-

perimentallyobtaineddata.Biasvoltageboundarybetweenlowand

highinjectionconditions,Ψbi=4.7eV,waswellreproduced.However,

alargediscrepancywasobservedbetweenthesimulatedresultsand

experimentallyobtaineddataontheabsolutecurrentlevelandslope

ofJ(V)curvewerelarge,evenconsideringtheSRHandAugerrecombi-

nationmodels.Thismeansthattheotherunconsideredfactorssuchas

ohmiccontactresistivity,carriertunnelingandcrystallinedefectscon-

tributingstronglytotheJ(V)characteristicsofdiamondp–njunction

remain.However,itispossibletopredictthebreakdowncharacteristic

ofthep–njunctionwhichisevaluatedtohappenatareversebias

voltageof225V.Thisworkismotivatedbytheincreasingnumberofdi-

amonddeviceswhichemergedinthepastfewyears.Recently,ithas

beendemonstratedthatdifferentregimescanbecontrolledinaMOS

capacitor[48]openingtherouteforthefabricationofaMOSfieldeffect

transistor.Thus,itisfundamentaltopredictasaccuratelyaspossiblethe

electricalcharacteristicsofthisfuturediamonddeviceaswellasitsar-

chitectureinordertofabricatepowerdevicesshowingoutstanding

electricalperformances.

Primenoveltystatement

Uptonow,reportsonthesimulationsofdiamonddevicesareonly

doneforunipolardevices.Inthiswork,wemodeledforthefirsttime

adiamondbipolarp–njunction.Thisisafirststepforpredictingthe

electricalcharacteristicsofthefuturediamondbipolardevices.
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Metalandoxidedistributionindiamond metal–oxide–

semiconductor(MOS)structuresarecharacterizedusing

severaltransmissionelectron microscopy(TEM) modesat

nanometricscale.Tounderstandtheirelectricalbehavior,

oxygendistributionusingelectronenergylossspectroscopy

(EELS)throughthelayerstructure,high-resolutionelectron

microscopy(HREM),andannulardarkfield(ADF)observa-

tionsarereported.Oxidethicknessvariations,aswellasoxygen

contentvariationshavebeenidentifiedandcharacterizedatan

atomicresolution.Thelatterallowstounderstandtherelated

electricalbehavioras,forexample,leakagesorshortcuts.
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1IntroductionDiamondistheultimatesemiconduc-
torforhighpowerandhighfrequencyapplicationsdueto
hishighbreakdownelectricfield[1],elevatedmobility[2],
andtheoutstandingthermalconductivity.Amongsuch
perspectives,diamond-basedMOSFETandSchottkydiodes
areattractivearchitectures wheretheconducting or
insulatingbehaviorofthedeviceisbasedontheelectrostatic
controlofthebandcurvatureattheoxide/semiconductor
interface.
Previousmetal–oxide–semiconductor(MOS)structures

performedondiamondexhibitedaccumulationregime,
butnodeepdepletionorinversionregimes[3–5].Recent
worksreportinvestigation of Al2O3 withhydrogen-
terminated[6,7]andoxygen-terminateddiamond[8].The
latterdemonstratesthatsuch MOScapacitorscanundergo
accumulation,depletion,anddeepdepletion,butsome
structuresarestillpresentingsomeundesiredelectricbehavior.
Ontheotherhand,Schottkydiodes,comparedtoother

diamondpowerdevices(bipolartransistor[9],junction
fieldeffecttransistor[10],Schottky-pndiode[11],etc.)isthe
mostpromisingbecauseofaverysimplestructureanda
highestbreakdownvoltage[1,12].However,stillarchitec-
turalprogressarerequiredtominimizeitsserialresistance.

SurfacepretreatmentandSchottky metalselectionare
crucialonthedevelopmentofdiamondSchottkypower
diodes,insofarthatisaffectingtothebarrierheights,the
thermalstabilityanddefectdensityattheinterface.
Recently,ithasbeenassumedthatthemodificationof

theelectricalbehaviorwiththermaltreatmentofSchottky
diodes[13]orwiththeatomiclayerdeposition(ALD)Al2O3
growthconditionsinMOS[8]arerelatedwiththeoxide
layermodifications.Inparticular,leakagecurrentseitherin
Schottkydiodesorin MOSFETs motivatesthepresent
nanostructuralstudyofthediamond/oxideinterfaceby
scanningtransmission microscopy(STEM).Indeed,the
electricallymeasuredbehaviorcanbeattributedtovariations
intheoxidethicknessaswellasdifferencesintheoxygen
distributionintheinterface.Theimpactoftheoxidelayer
highlightstheimportanceofananostructuralcharacteriza-
tionoftheoxide/diamondinterface.
Thepresentcontributionanalysesthelatterinterfacesby

annulardarkfield(ADF),conventionaltransmissionelectron
microscopy(CTEM),high-resolutionelectronmicroscopy
(HREM),andelectronenergylossspectroscopy(EELS)to
determinetheirroughnessandsharpness,aswellasthe
oxygendistributionalongtheoxidelayer.
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2ExperimentalprocedureSampleswereprepared
usingFIBpolishingtogetelectron-transparentspecimens
withaQuanta2003DFIBdual-beamsystem.Bothfacesof
thespecimenswereirradiated,at48ofincidence,during45s
witha5kV/14pAbeamduringthelastpolishinorderto
reducethecontributionoftheamorphouscarbon.Thefast
diamondtendencytographitizeaswellastheeffectofthe
FIBimplantationofdiamondhasbeenpreviouslystudiedin
literature[14,15].
Toevaluatetheinfluenceoftheoxidevariationsin

powerdevices,twodifferentstructureswereanalyzed:

(1)SampleAconsistsinanAl/Al2O3/diamondstructure
whose electrical behavior was attributedtothe
possibilityofleakagesandiscorrespondingto#1in
Ref.[8].

(2)SampleBconsistsinametallicstack,whoseZrlayeris
incontact withan oxygen-terminatedlow-doped
diamondsubstrate[13].

SampleswereobservedbyCTEMforafirstvisual
characterizationofthediamond/oxideinterface.Then,EELS
profilesandmapswereusedtoidentifyandcharacterizethe
thicknessandtherelativecompositionvariationsoftheoxide
layers,theseprofileswereacquiredalongoxide/diamond
interfaceforanaccuratecharacterizationofthethickness
variations.Finally,HREMimagingallowscharacterizing
thepreviouslyidentifiedoxidelayerwithatomicresolution.
Torealizesuchcharacterization,aJEOL2010Ftransmission
electron microscope(withpoint-to-pointresolutionof
0.2nm)wasused.
Thepreviouslydiscussedprocedureallowsthenano-

characterization of oxidestructures, whosethickness
variationsmayleadtoleakages,shortcuts,andundesired
electricbehavior.Herearestudiedsamples#Aand#B.
Sample#Aiscorresponding with#1in Ref.[8],an
Al/Al2O3/diamondstructureconsistinginaB-dopeddiamond
layerwithaboronconcentrationofaboutfew1017cm3.The
deposition wasperformedat9108C withCH4/H2¼2%,
B/C¼1200ppmat8308C.Diamondsurfaceoxygenation
wasperformedbydeepUVozonetreatment.Then,low
temperature(1008C)atomiclayerdeposition(ALD)wasused
forthecreationoftheoxidelayer,theprecursorusedwas
trimethyllaluminum(TMA),andtheoxidantwasH2O.After
this,thedielectricwascoveredbya100nmthickaluminum
metalusingelectronbeamevaporator.
Ontheotherhand,sample#Bconsistsinametallicstack

withaZrcontactinaboron-dopedoxygen-terminated
diamondsurface, whoseelectricalbehaviorhasbeen
recentlypublishedbyTraoréetal.[13].Theboron-doped
diamondlayerwasgrownbymicrowaveplasma-enhanced
chemicalvapordeposition(MPCVD)with0.75%ofCH4
and0.5%ofO2inhydrogengas,usinga50Torrpressureand
atemperatureof9108C.
AnelectronbeamevaporatorwasusedtodepositZr

contactsandthefirstmetallicmaterialwassubsequently
coveredwithdifferentcaplayers.Tin-dopedITOwere

depositedtofabricateSchottkycontacts.ITOcontactswere
depositedbysputteringandannealedat2008Cduring
30min,allowingcrystallization.

3Al2O3 for MOSstructuresAl2O3 for MOS
structuresisawisechoice,duetotherelativeband-gap
difference.Al/Al2O3/diamondstructureinvestigationshave
beenrecentlyreported[6,7],particularly,sample#Awas
previouslystudiedbyChicotetal.[8],showingfieldeffectin
mostofthestructures. However,somecapacitorsstill
presentsapeculiarC(V),thatcanbeattributedtoleakages
insidetheMOSstructure.Indeed,thestructuredeveloped
forsuchmeasurementavoidsurfaceleak.Then,imaging
techniquesareusedtorevealtheoxidelayerconfiguration.
First,ADF(Fig.1)andCTEM(Fig.2)observationsshows
theAl/Al2O3/diamondstructure.Andsecond,EELSspectra
andprofiles(Fig.3)wereacquiredindifferentpointsofthe
oxide/diamondinterface(correspondingwiththenumbered
positions).
Figure1showsanADFmicrographyofsample#A,

revealingthepresenceofAlgrainsovertheoxidelayer.
Furthermore,ascontrastinADFimagingisduetothejoint
contributionoftherelativeZnumberdifferenceandthe
diffractioneffects,Al2O3layerappearasadarkcontrast.
ThisisnotonlyduetothefactthatAl2O3islighterthanAl,
butisalsodependentondiffractioncontrast(ascanbeseen
intheAllayer).ThedarkcontrastoftheAl2O3isprobably
largelyalsoduetotheamorphousnatureofthelayer.
Additionally,whitedashedlineinFig.1isusedtoguide
theeyesalongthemetal–oxideinterface,(b)-labeledarrows
areusedtohighlightlocaloxidethicknessvariations,
finally,(a)-labeledarrowsinFig.1showspossiblemetal–
semiconductorcontactpoints.
AscanbeobservedinFig.2,oxide’smeanthicknessis

alteredinthevicinityoftheAlgrains.Suchbehaviorcan
leadtoleakagesortoshortcuts(ifcontactingtheAllayer
withthediamondsubstrate).BlackarrowsinFig.2areused
tohighlighttheoxidethicknessvariationsalongthe

Figure1Annulardarkfield(ADF)micrographofsample#Athat
revealsboth,thegrainstructurealongtheAllayerandoxide
thicknessvariations.

2 J.C.Piñeroetal.:Oxidelayersforpowerdiamondpowerdevices
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interface.Ablackdashedlineissuperimposedtoguidethe
eyesatbothdiamond/oxideandoxide/Alinterfaces.
Asthenominaldiamondsubstrate’ssurfaceisvery

smooth,thefirstinterfaceshowsasimilarbehavioralongthe
structure.Incontrary,despitetheoxidelayerisdeposited
bylowtemperatureALD,arelativelyroughinterfaceis
revealedbetweenoxide/Al.

VariationsoftheAl2O3thicknessareshowntohave
someimpactonthefurthersynthesisofthedevice,insofar
thatAl/diamondelectriccontactscanbeproduced,leadingto
shortcutsandundesirableelectricalbehavior.Forexample,
(b)-labeledarrowsinFig.2markthepresenceoflocal
maximumsoftheAl2O3thicknesscorrespondingwithanAl
grainboundary.UsingEELSprofiling,aminimumoxide
thicknessof4.8nmaswellasamaximumaluminathickness
of20.4nmweremeasuredintheAlgrain/aluminainterface.
Thepreviouslydiscussedbehavioriscoherentwiththe
EELSmaprecordedat532eV(color-inverted,oxygenin
black)shownintheinsetofFig.2,whichwasacquiredona
differentregionofthesample.EELSmapsacquiredalong
theinterfaceallowverifyingtheoxidethicknessvariations,
evidencingalsothepresenceofAl2O3islandsintotheAl
layer,aswereshownininsetofFig.2.
Figure3showsEELSprofilesthatconfirmthepresence

oftheoxidelayer.Electronenergylossspectra were
acquiredinsubstrate,oxide,andmetallayersfollowingthe
numberedprofileofFig.2.Spectrawereacquiredovera
3 3nm2areatoimprovethesignal-to-noiserelation.Itcan
beobservedthatthesp3C-relatedsignalat285–292eVis
definedonlyinthediamondsubstrate,whilesomelower
carboncontamination(sp2shape)isobservedatA3andA4.
CredepositionduringFIBoperationandcarboncontamina-
tionduetolong-timeEELSdataacquisitioncanalsoexplain
theslightpresenceoftheC-relatedsignalinspectraA3and
A4.SpectrumA1inFig.3showsC-Kpeakwithtypical
diamondsignature,butspectrumA2inFig.3ispresenting
graphitization(p ands arerevealednearthediamond/
oxideinterface).Likewise,theoxygen-Ksignalshowedin
spectrumA3ofFig.3isconfinedontheoxidelayer.By
usingthislastresult,EELSprofilinghasbeenusedtoexplore
theoxidelayer’shomogeneity.Aseriesofprofileswere
acquiredalong1.5mmoftheoxide/diamondinterface.
OneoftheseEELSprofilesisshowninFig.4,thisallows
studyingtheoxygenpeakevolutionalongtheoxidelayer,
revealinganasymmetricoxygendistribution.Therelative

Figure2Brightfieldmicrographofsample#A,usingthe001
reflection.ApolycrystallinegrainstructureisobservedintheAl
layer.IntheAl2O3layer,thicknessvariationsarerevealed.Electron
energylossspectroscopymapping(inset)inanotherregionallows
identifyingtheoxidelayerthroughtheobservationoftheO–K
peak.

Figure3Electronenergylossspectrarecordedalongthediamond/
oxidestructureof#A(seeFig.2).p ands peaksofthecarbon
K-transitionareobserved,revealingdiamondstructureinthe
substrate(spectrum1).TheCsignalinspectraA2,A3,andA4may
beduetoCcontaminationproducedduringtheFIBoperation.
Theoxygen-KpeaktransitionisobservedinspectrumA3.

Figure4Electronenergylossspectroscopy(EELS)profileinan
specificpointofthediamond/Al2O3/Alinterface(sample#A).The
O-Kpeakisrevealed,thepeakintensityalongthealuminalayeris
asymmetricallydistributed.Thenumberedpositionsarecorre-
spondingwiththespectrapresentedinFig.3andwiththespatial
distributionalreadyshowninFig.2.
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intensityoftheO-Kpeakisdifferentdependingonthepoint
oftheinterface,thatisanindirectevidenceoftheoxide
thicknessinhomogeneity(insofarthatthee-beamispassing
throughadifferentoxidethicknesspointbypoint).These
EELSprofilesrevealamaximumoxidethicknessof20.4nm
andameanthicknessof11.2nm,asstatedabove.
EELSprofilingandmappingarecoherentwithCTEM

imaging,revealingoxidethicknessvariationsintheAlgrain
vicinities.Suchbehaviorcouldmeanamixtureofalumina
andaluminuminthemetal/oxideinterface,andcanexplain
theundesiredelectricalbehavior[8].

4ZrfordiamondSchottkypowerdiodeAn
outstandingpowerdiodeusingoxygen-terminateddiamond
waspresentedinRef.[13].Suchdeviceispresentingahigh
currentdensityandareversecurrentthatwasbelowthe
detectionthreshold.Thegoodelectricalbehaviorofsuch
devicewasattributedtothepossibilityoftheformationofa
thinzirconiafilmbetweentheoxygen-terminateddiamond
andthezirconiumlayer.Toverifythisassumption,HREM
andEELSareherecarriedouttoevidencethepresenceof
oxideinthestateofZrO2andshowitsspatialdistribution.
ThelatterisevidencedbyHREMwithEELScertifyingthe
presenceofZrO2.
Figure5showsanHREMmicrographofthe MOS

structureinsample#Bandallowsmeasuringthethicknessof
theZrO2layer withatomicresolution,leadingtothe
detectionofanabout4Åthickoxidelayer. Distance
betweenatomiccolumnsofapproximately3Åcanbe
extractedfromanHREMintensityprofile.EELSprofiling
allowsidentifyingthewhitecontrastpresentedinFig.5as
theoxidelayer.Squared-dashedlineregionsinFig.5shows
HREM filteredimages,revealing[022]-typediamond
planes.Fouriertransforminthesquaredregionsreveals

[011]pole.FouriertransformwascarriedoutintheZrlayer
andinthediamondsubstrate,bothareshownasinsetsin
Fig.5.
Bycombiningtheidentified[011]poleinthediamond’s

Fouriertransform,thealreadyknowndiamond’slattice
parameterof3.56Åandthezirconium’s[011]-oriented
Fouriertransform,a5ÅZrlatticeparameterhasbeen
calculated.Thisresultiscoherentwiththelatticeparameter
ofacubicZrstructure[16].
Ontheotherhand,EELSspectrawererecordedalong

thewhitelineindicatedinFig.5,correspondingresultsare
showninFig.6.SpectraB1andB2inFig.6havethetypical
sp3-relatedshape.ThelattershowsalsoaweakZr-M4,5
signalduetothespotextension.PresenceofZrO2layeris
demonstratedinspectrumB3ofFig.6,withthesimulta-
neouspresenceoftheO-KlinewiththeM4,5andM3Zrlines.
ItalsoconfirmsthatthewhitecontrastobservedinFig.5is,
infact,thezirconialayer.
Usingthisprocedure,threeregionsaredefinedinFig.5:

(1)Zrlayer,confirmedbyspectrumB4inFig.6.
(2)FourAngstromthickZrO2layer,identifiedbyEELS
(spectrumB3inFig.6).

(3)Diamondsubstrate.

Thicknessofthezirconialayerwashomogeneousalong
thestudiedinterface.Thisresultisinagreementwiththe
assumptionoftheformationofathinzirconialayerinthe
interfaceoftheZrdepositionwiththeoxygen-terminated
diamondanditcanexplainthegoodelectricbehaviorofthe
associateddevice[13].

Figure5Wiener filteredHREM micrographofsample#B.
Atomiccolumnsarerevealed.Oxidethicknessremainsconstant
alongtheinterface.EELSallowsidentifyinga4ÅZrO2layer.Inset
showsFouriertransformoftheselectedfilteredarea,revealing
the[011]pole.

Figure6EELSprofileofthemetal–oxide–semiconductorinter-
faceof#BacquiredasshowninFig.5.ZrO2layerisidentified.

4 J.C.Piñeroetal.:Oxidelayersforpowerdiamondpowerdevices
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5ConclusionsTheelectricalbehaviorofthe Al/
Al2O3/diamond MOSstructure(sample#A),that was
previouslystudiedbyChicotelal.[8],hasbeenexplained
intermsofthicknessvariationsoftheoxidelayer.Notonly
theoxidethickness,butalsotheoxygendistributionsinside
theoxidelayerarevarying.Thisbehaviorcanleadto
leakagesortoshortcuts(Al/diamondcontacts)inthe
associateddevice.
Ontheotherhand,theelectricalbehavioroftheSchottky

diodewithaZr/ZrO2/diamondinterface(sample#B),has
beenexplained.ThehypothesisofTraoréetal.[13]about
theformationofa4Åthickzirconialayerhasbeen
demonstrated.Thestabilityandhomogeneityofsuchlayer
alongthemetal/oxideinterfaceremainsconstant,explaining
theelectricallymeasuredbehavior.
Variationsintheoxygendistribution,oxide/metal

mixturesandoxidethicknessvariationshavebeencharac-
terized.Thesealterationscanleadtoundesiredelectric
behaviorintheassociatedelectricdevice.Finally,oxide
thicknessvariationshavebeenidentified withatomic
resolution.
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HeterostructuressuchasSchottkydiodesandmetal/oxide/
semiconductorstructuresarethebuildingblocksofdiamond
electronicdevices.Theyareabletocarrylargecurrentden-
sities,uptoseveralkAcm−2,ifaheavilyboron-dopedlayer
(p++)isincludedinthesemiconductingstack,thusaffording
ametallicreservoirofmobileholesclosetothelightlydoped
layer(p−).Inthiswork,holeinjectioneffectsareevidencedex-
perimentallyinthetwopreviouslymentioneddevicesandalso
simulatednumerically.Althoughthepotentialbarrierheightat
metal/semiconductorinterfacesisafundamentalparameter,a
moregeneralapproachconsistsindefiningthecurrentdensity
fromtheproductofaneffectivevelocityandcarrierconcen-

trationatinterface.Inaccordancewithexperimentalresults,
suchaviewpermitstodescribebothdepletionandaccumula-
tionregimes,whichindeedcanexistatthemetallicoroxide
interface,andtotakeintoaccounttheincreaseoftheholecon-
centrationabovethethermalequilibriumoneinthep−layer.
Thelowerthetemperature,thelargeristhissecondeffect.For
sufficientlythinp−layers,typicallybelow2 m,thiseffect
freesdeviceoperationfromthelimitationduetoincomplete
ionizationofacceptorsandallowsastrongdecreaseofthespe-
cificresistanceandforwardlosseswhilepreservingbreakdown
voltagesintherangeof1.4–2kV.

©2015WILEY-VCHVerlagGmbH&Co.KGaA,Weinheim

1IntroductionDiamondheterostructuresshowhuge
potentialitiesforhigh-powerandhigh-temperatureelec-
tronicdevicesduetotheastoundingphysicalandelectrical
propertiesofthissemiconductorsuchaswidebandgap
(EG=5.45eV),highthermalconductivity(22Wcm

−1K−1),
roomtemperaturemobilityofholescloseto2000cm2V−1s−1,
andhighbreakdownfield(F>7.7MVcm−1)asalready
demonstratedrecently[1,2].P-typedeviceoperationcan
alsogainbenefitfromtheabilityofdiamondtobeheavily
dopedwithboron,abovethemetallicconductivitylimit.
However,theionizationenergyofboronacceptors,near
0.37eV,inducescompleteionizationonlyaround550Kand
aboveinlightlydopedlayers,whicharenecessarytolower
electricfieldsindepletionzones.Accordingly,theholecon-
centrationisonetotwoordersofmagnitudesmallerthanthe
acceptorconcentrationatroomtemperature,makingthecon-
ductivitysomewhatinsufficient.Withalightlydopedlayer
(p−)thickerthan10m,thecurrent–voltagecharacteristics

becomestronglytemperaturedependent[3,4]andthespe-
cificelectricalresistancehardlysmallerthan1 cm2atroom
temperature[4].Conversely,withann-typelayernotexceed-
ingafewhundrednanometers,theoperationofsuchaSchot-
tkyp–njunction[5]becomescompletelygovernedbycarrier
injection,whichpermitstoreachseveralkAcm−2inthefor-
wardregime,butattheexpenseofaverylimitedbreakdown
voltageinthereverseregime.Here,weshowthatstacking
alightlydopedlayer(p−)withawell-designedthickness
ontoaheavilydopedlayer(p++)orsubstratecancircumvent
allthesedrawbacks.Inlightlydopeddiamondlayerswith
thicknessesupto2m,theheavilydopedlayerorsubstrate
isabletoinjectholes,thusincreasingtheholeconcentration
wellabovetheequilibriumonedowntotheinterfacewith
theoxideormetal,asdemonstratedbothexperimentallyand
fromsimulationinthiswork.Calculationsrelyingeitheron
thenumericalsolutionsofthecompletebasicequationssetor
ontransportequationsrelevantonlyforholesaredeveloped

©2015WILEY-VCHVerlagGmbH&Co.KGaA,Weinheim
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Figure1Experimentalcurrentdensityofthediodeasafunctionof
totalvoltagedisplayedwithopensymbolsandfittingcurvesbased
ontheparametersindicatedinthefigureanddeterminedbythe
methoddescribedinthetext;theRichardsonplotisshowninthe
inset.Thehatchedareaclosetoupperrightcornerdelineatesa
constantdissipatedpowerof50mWbelowwhichestimatedself-
heatingremainssmallerthan5K.

inordertoattemptpredictingtheoptimalthicknessofthep−

layer.Inallthestructures,atsufficientlyhighinjectionlevel,
theinterfacewiththemetaloroxidecomesintoaccumula-
tionregime,includingthecaseofSchottkydiodes.Hence,
thediodecurrentreliesmoregenerallyonthetransport
modelbasedonthemajoritycarrierpopulationandeffective
velocityatinterfaceratherthanonthepotentialbarrier
heightofthejunction.Finally,indicationscanbederivedfor
thedesignofdevicesbasedonverticalandpseudo-vertical
heterostructuresinordertomaintainanoptimaltrade-off
betweenlowestforwardlosses,minimalspecificresistance
atroomtemperature,andhighestbreakdownvoltages.

2Experimentaltransportcharacteristicsofde-
vicesThecurrent–voltagecharacteristicsofZr-oxidized
diamonddiodesannealedat450◦Carefirstlypresented
(Fig.1)andanalyzed.Thediamondstackcomprisesalightly
dopedlayer,1.3 mthickandcontaining5×1015Bcm−3,
onaheavilydopedlayer,0.2 mthickandcontaining
(2−4)×1020B/cm3,epitaxiallygrownonanIbsubstrate.
Moredetailedpropertieshavebeenalreadypresentedin[6],
speciallythefabricationrecipesandthebreakdownfieldin
excessof7.7MVcm−1underreversebias,confirmingolder
results[2].Fairuniformityandreproducibilityoftheelectri-
calcharacteristicsofthediodesfabricatedononeorseveral
substrateshavebeendemonstrated[6].Acompleteanaly-
sisofthetransportmechanismsatstakeintheseSchottky
junctionsinthedepletionregimeatvarioustemperaturesis
currentlyundersubmission[7].Inthislaterstudy,different
methodsabletoextractthetruehomogeneouspotentialbar-
rierheightΦhomB ,freeoftherandombarrierloweringdueto
interfaceinhomogeneitiesanddescribedbyitsstandarddevi-
ationσ[8,9],aredemonstratedandapplied.Thederivation

ofparametersdisplayedinFig.1isdoneherealongthree
steps:(i)thederivationofσ fromtheadjustmentoftheap-
parentbarriergotfromthecurrentdensityJsextrapolated
atzerojunctionvoltageasafunctionoftemperatureT(not
shownhere);secondly,theRichardsonplotofJs/T

2cor-
rectedbythetermproportionaltoσ2shownintheinsetof
Fig.1whichpermitstoderivetheeffectiveRichardsoncon-
stantA∗∗;thirdly,thefinaladjustmentofthehomogeneous
barrierheightΦhomB andidealityfactorn(here1.07)tothe
experimentalcurrentdensityasafunctionofvoltageinthe
linearpartofthecharacteristicsplottedinasemi-logarithmic
scaleasinFig.1,takingtheimageforcelowering Φifinto
account.
Inthepresentcase,withanidealityfactorndecreasing

from1.07at300Kdownto1.04at600K,thehomogeneous
barrierheightofthesealmostperfectjunctionsturnsoutto
be0.97±0.02V,ingoodagreementwithanotherdetermina-
tionforZronoxygenateddiamond[10].Takingintoaccount
theimageforceeffectwhichadds0.04Vtothebarrieratflat
bands[7,9]andthecalculatedenergydifferencebetween
thebulkFermilevelandvalencebandtopof0.38eVfrom
datain[1],theappliedvoltageneededtoinduceflatbands
amountsto0.63V,asindicatedinFig.1.Forlargerjunction
voltagesV,whicharenecessarytoreachcurrentdensitiesJp
higherthan0.4Acm−2,bandbendingisinverted,theinter-
faceturnsintoaccumulationregimeandtheapparentbarrier
forholesvanishes.Consequently,itisadvisabletodescribe
thecurrentdensityintheSchottkyjunctionastheproduct
ofacollectionvelocityvcoll,holeconcentrationp(z0)atthe
metallicinterfaceandelementarychargee0[11,12].This
holecollectionvelocityvcollisthesameasthethermionic

one,vcoll=α
kBT

2πm∗
,kBbeingtheBoltzmannconstantandα

theattenuationcoefficientofthereducedthermionicemis-
sionduetotheoxideinterlayerwhichcanbeevaluatedfrom
theratiooftheeffectiveRichardsonconstant(seethein-
setinFig.1)tothestandardone(96AK−2cm−2)india-
mond.Thisapproachremainsvalidinthedepletionregime
wherep(z0)ismerelytheproductoftheequilibriumhole
concentrationp0inthebulklightlydopedlayerandthefac-
torexp(−ΦhomB +Vj/n)/(kBT),butisnowessentialwhen
p(z0)deviatesinexcessfromthepreviousquantitybecause
oftheholeinjectionfromtheheavilydopedlayer.Suchanef-
fectisfirstlyevidencedfromthedeviationexistingbetween
experimentaldataandthefullvoltageoftheJp−Vchar-
acteristictakingintoaccounttheeffectofthe600 series
resistanceRsduetheresistivityofthelightlydopedlayercal-
culatedatroomtemperatureandthermodynamicequilibrium
(Fig.1).ThesamecharacteristicssimulatedwithRs=60
matchessomewhatbetterthemeasuredpointsatcurrentden-
sitieshigherthan102Acm−2butverybadlyintherange
1–50Acm−2.Thisdiscrepancyshowsfirstlythatthevoltage
dropinthelightlydopedlayerisnotlinearwiththecurrent
andsecondlythatitislowerthanpredictedfromtheequilib-
riumconcentrationofholeswhichwouldinducea600 se-
riesresistance.Anevenmoreilluminatingpropertyemerges
fromtheplotofthederivativeofJp−V,whichisnothing
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Figure2Specificresistanceofthediodeasafunctionoftotalvolt-
agedisplayedwithfullcircles.Downwardtrianglesfeatureboth
dissipatedpowerandtemperatureincreaseTsketchedinKonthe
rightverticalscale.

otherthanthespecificresistanceofthediode,showninFig.2.
Inthisgraph,itclearlyappearsthatthisspecificresistance
decreasesbyafactorlargerthan10belowRs=600 well
beforeanysignificantincreaseofthetemperatureduetoself
heating,calculatedwithalargelyoverestimatedthermalre-
sistanceof100KW−1becauseoftheintimatecontactofthe
rearsideofthediamondsubstratewiththesilverheatsink
ofoursampleholder.
Inmetal/oxide/semiconductor(MOS)heterostructures

madeondiamond[13],theforbiddenbandgapoftheox-
ideisoftenverysimilartothatofdiamondoritovercomes
itbyonlyoneortwoeV.Consequently,bandoffsetsonoxy-
genateddiamondsurfacesarealmostsystematicallycloseto
1eVorlower,leavingthethermioniccurrentsovertheoxide
barrierataneasilydetectablelevelwhenasufficientforward
polarizationisapplied.ThisisthecaseinourMOSstructures
consistingofAlonAl2O3,25nmthick,onap

−/p++diamond
stack,withanacceptorconcentrationof3×1017Bcm−3inthe
lightlydopedlayerwhichis500nmthick.Currentdensity–
voltagecharacteristicsoveralargerangeoftemperatures
(103–353K)ofsuchanMOScapacitoraredisplayedinFig.3
asafunctionofbiasvoltageappliedonthemetalelectrode.
Thermioniccurrentoverthebarrierof1.34eVduetotheband
offsetbetweenthevalencebandedges[14]anddetermined
likeinreference[15]butforanoxygenateddiamondsurface
isresponsibleforthehighestslopeinthecharacteristics.If
thecurrentwascontrolledbytheequilibriumconcentration
ofholesattheoxide/diamondinterface,itwouldexperience
morethan15decadesofvariationoverthewholetempera-
turerange,relyingonacalculationbytheformula(1)in[1].
Conversely,currentdensityatagivenvoltagechangesbyat
mosttwodecades(seeFig.3),firmlyindicatingthatthehole
concentrationisnotgovernedbyitsequilibriumvaluebut
ratherbyaconcentrationwhichisstronglydependentofthat
inthep++layer,practicallyindependentoftemperaturesince
diamondisadegeneratesemiconductorinthislayer.Thisis
thesecondevidencewhichdemonstratesthatcurrent–voltage
characteristicsinheterostructurescomprisingaburiedheav-

Figure3Current–voltagecharacteristicsinanMOSheterostruc-
tureforseveraltemperatures.

ilydopedlayermusttakeholeinjectionfromthisp++layer
intoaccount.

3SimulationoftheholetransportInorderto
checkthepropertiespreviouslyevidencedandtogainquan-
titativeinsightintothetransportmechanisms,simulations
andcalculationsareperformed.Firstly,usingthefiniteele-
mentssoftwareCOMSOLMultiphysics,profilesoftheva-
lencebandtopandquasi-Fermilevelofholesaresimulatedat
300Kinastackp++/p−/metal,withaSchottkybarrierof1V,
forappliedforwardvoltagesspanningtherange0–5V,each
0.5V(Fig.4).Thesoftwaremakesuseofallthebasicequa-
tionswhichdescribesemiconductorjunctions,asonecan
findintextbookslike[16],includingbothminorityandma-
joritycarrierstransportalthoughtheformerareunnecessary

Figure4Energyofthevalencebandtopinfulllinesandquasi-
Fermilevelofholesindottedlines,alongthedepthofastack
p++/p−/metalmeasuredfromthep++/p−interface,withaSchot-
tkybarrierof1eV,forappliedforwardvoltagesspanningtherange
0–5V,each0.5V.Dataareobtainedfromasimulationperformed
withthesoftwareCOMSOL Multiphysicsforatemperatureof
300K.Seetextforotherconditions.
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4 P.Muretetal.:Holeinjectionindiamondheterostructures

Figure5Holeconcentrationat300Kasafunctionofthedis-
tancemeasuredfromthep++/p−interfaceforforwardappliedvolt-
agesfrom0–5V,each0.5V.Theequilibriumholeconcentration
p0=3.5×10

13cm−3andacceptorconcentrationNA=10
15cm−3

are,respectively,indicatedbydashedanddash-dottedlines.Accu-
mulationregimeisclearlyvisibleneartheSchottkyinterface,atthe
2 mabscissa.

inthecasewearedealingwith.Thedopingconcentrations
arerespectively2×1020and1015B/cm−3inthep++andthe
p−layers,thelatterbeing2mthick.Otherboundarycon-
ditionsaredefinedonthefigurefortheelectricpotentials
whilethefieldatthebeginningofthep++layerisassumed
tobezerobecauseofaperfectohmiccontact,andthecarrier
velocitiesattheSchottkycontact(atabscissa2 m)aregiven
bytheproductofthemobility[1]andelectricfield.Satura-
tionoftheholevelocitywhichhappensforfieldslargerthan
104Vcm−1[17]isignored,involvingashiftofthecurvesin
Figs.4and5ofonlyafewnanometerstowardlargerabscissa
asestimatedfromfollowingequations.Depletionregimecan
beobservedclosetothemetallicinterface(atabscissa2 m)
forappliedvoltages0and0.5V.Butfor1Vandabove,band
curvaturenearthemetallicinterfaceisinvertedandthede-
pletionregimeisreplacedbyaccumulation,fullyconfirming
theobservationsdetailedintheprevioussection.Thecor-
respondingholeconcentrationsareplottedinFig.5.Here
again,onecanseethattheholeconcentrationfallsbelowthe
equilibriumonep0=3.5×10

13cm−3neartheSchottkyin-
terfaceforappliedvoltageszeroand0.5V,whileitincreases
andstaysaboveandabovep0forlargerandlargervoltages.
Duetothisbehavior,itisclearthatthevoltagedropinside
thep−layercanneitherfollowlinearlythecurrentnorbede-
terminedbytheequilibriumholeconcentrationp0,thereal
oneremainingseveraltimeslargeruptodistancestypically
near2 mfromthep++layerboundary.
Anotherapproachreliesonusualequationsdescribing

transportofchargebymajoritycarriers[16]inthep−layer.
Alongthezdirection,perpendiculartointerface,thehole
currentdensityequationisthesumofthedriftanddiffusion
components,Ez(z)beingtheelectricfieldandp(z)thehole
concentration,withβ=e0/kBTandaconstantmobilityμp

aspreviouslyassumed:

Jp=e0μp p(z)Ez(z)−
1

β

dp(z)

dz
. (1)

Inaccordancewiththeresultsofthesimulation,thetwocur-
rentshavesimilarmagnitudesbutoppositedirectioncloseto
theorigin(p++layeredge)becausetheverystrongdiffusion
currentmustbepartiallycompensatedbyanoppositecon-
ductioncurrentsothattheconstraintimposedbytheeffective
currentJpcanbesatisfied.Consequently,notermscanbene-
glectedinthepreviousequation.Moreover,Poissonequation
mustbesatisfied:

dEz(z)

dz
=e0 p(z)−N

−
ion/(ε0εSC), (2)

whereN−ionisthenet,negativelycharged,ionizedimpu-
rityconcentration.Eliminationoftheholeconcentrationin
Eq.(1)withhelpofEq.(2)givesthefollowingsecond-order
fieldequation:

−
d2Ez(z)

dz2
+βEz(z)

dEz(z)

dz
+
e0N

−
ion

ε0εSC
=

βJp

ε0εSCμp
,

(3)

wherethesecondmemberisaconstantbecausethecurrent
isconservativesincethereisnorecombination.Itwillbe
namedCinthefollowing.
Thetwoboundariesconditionsare:(i)p(0)=p+atz=

0,theinterfacebetweentheheavilyandlightlydopedlayers
andp+theholeconcentrationintheheavilydopedlayer;
(ii)attheinterfacewiththemetalsupposedtobelocatedat
z=z0,thecarriercollectionvelocityvcollmustbeequalto
thethermionicone,sothatp(z0)=Jp/(e0vcoll).Intermsof
thefirstderivativeoftheelectricfield,thesetwoboundary
conditionscanbereadasfollows:

(i)
dEz(0)

dz
=
e0

ε0εSC
p+−N−ion

and

(ii)
dEz(z0)

dz
=
e0

ε0εSC
Jp/(e0vcoll)−N

−
ion.

Asweareinterestedprimarilybytheextensionofthe
regionwheretheholeconcentrationlargelyexceedstheion-
izedimpurityone,thelasttermofthefirstmemberofEq.(3)
isneglectedandthisequationcanthenbeintegratedonetime:

e0

ε0εSC
p+−p(z)+

β

2
Ez(z)

2−Ez(0)
2 =Cz. (4)

Becausetheconcentrationp(z)andthesquareelectricfield
Ez(z)

2decreaseveryrapidlyfromtheoriginz=0,agood
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approximationconsiststoneglectthetermsdependingon
z,sothatEz(0)

2=(2e0p
+)/(βε0εSC),resultingintheap-

proximatedinitialcondition:Ez(0)=−
2e0p+

βε0εSC
= −1

βLD

2p+

p0

whereLDistheappropriateDebyelengthinthelightlydoped
layer.Forotherabscissa,theremainingdifferentialequation
tobesolvedreadsas

β

2
Ez(z)

2−
dEz(z)

dz
=Cz, (5)

wherethefirstandsecondtermsarerespectivelydueto
driftanddiffusioncomponentsofthecurrent.Anexactso-
lutioncanbefoundforavanishingsecondmember,rigor-
ouslyvalidnearzerovoltagebias:Ez(z)=−

2

β

1

z+z1
,where

z1=2LD
√
p0/(2p+)=2

√
ε0εSC/(2e0βp+)closeto0.3nm

here.ThissolutionshowsthattheDebyelengthhasstilla
significanceintermsofattenuationdistance,despiteanon-
exponentialdampinglaw.Itstilldescribessatisfactorilythe
fieldandholeconcentrationaslongaseachofthetwotermsin
thefirstmemberofEq.(5)hasacomparableabsolutevalue,
muchlargerthanthesecondmember,atabscissaz<zcof
fewz1.WiththehelpofEq.(2),onegetsp(z)≈

2ε0εSC
e0β

1

(z+z1)2
,

whichthereforecanberetainedfortheinitialholeconcentra-
tionclosetothep++layertillzc.Ifp(zc)=2×10

14cm−3,
wherezcisthedistancewheretheholeconcentrationhas
droppedfromitsinitialvaluep(0)byafactorof106,afairly
goodestimateof0.3 misderived,inagreementwiththe
curvesplottedinFig.5.Beyondsuchanabscissa,oneofthe
twotermsinthefirstmemberofEq.(5)maybecomedomi-
nantandofthesamemagnitudeasCz.Then,assumingthat
eitherthefirstorthesecondtermcanbeneglected,solutions
basedonfractionsdependingofzand

√
zcouldbefound.

Ifonlythefirstterm,relatedtothedriftcomponent,isre-
tained,Ez(z)≈

1

βz
3/2
2

√
z+z1andp(z)≈

ε0εSC

e0βz
3/2
2

1
√
z+z1
canbe

derived,inagreementwiththelawgivenin[5]withoutjus-
tification.Butthissolutionisnotcorrectbecausetheorder
ofmagnitudeoftheconstantz2=(2βC)

−1/3makesthesec-
ondtermdominant,contrarytothehypothesis.Similarly,if
onlythesecondterm,relatedtothediffusioncomponent,is
retained,nonphysicalsolutionscanbeobtained.Suchsteps
showfirstlythatthedriftanddiffusioncomponentsofthe
wholeholecurrentremainintimatelylinkedandsecondly
thatEq.(4)inwhichthelasttermofEq.(3),duetoion-
izedimpurities,hasbeenneglected,isnolongerappropriate.
However,theprevioussolutionobtainedforavanishingsec-
ondmemberofEq.(5)cannotbeusedbecausethedecreaseof
theholeconcentrationwouldbefartoosteepincomparison
withsimulatedconcentrationsinFig.5.Consequently,only
anumericalsolutionisabletomatchthephysicsofthehole
transportintheabscissarangewheretheholeconcentration
isclosetodopingoneanddecreasesinamuchsofterway.
Thevariationlawcouldresemblebettertheinversesquare
rootlaw,leadingfinallytoanestimateofseveraltimeszc
forthelengthwheretheholeinjectionaffectsseriouslythe
equilibriumholeconcentration.

AsolutionvalidalsoneartheinterfacewiththeSchot-
tkymetaloroxidemustdependonthecurrentdensitylike
whatisseeninFig.5,ortotalappliedvoltageandonbound-
aryconditionsatthissecondinterface.Itwouldrelyonthe
sameequationsusinginadditionthepseudo-Fermilevelof
holesφp(z)inp(z)=NVexpβ(φp(z)−Ψ(z))andpotential
Ψ(z),withNVtheeffectivedensityofstatesinthevalence
band:

dφp(z)

dz
=−

Jp

e0μpNV
expβ(Ψ(z)−φp(z)), (6)

dE(z)

dz
=
1

βL2D

NVexpβ(φp(z)−Ψ(z))−N
−
ion

p0
, (7)

dΨ(z)

dz
=−E(z). (8)

Boundary conditions must define the differences
φp(z)−Ψ(z)atz=0andz=z0:

(i)φp(0)−Ψ(0)=(1/β)ln(p
+/NV)

and

(ii)φp(z0)−Ψ(z0)=(1/β)ln[Jp/(e0vcollNV)−N
−
ion/NV],

whereΨ(z0)canbechosenastheoriginofelectricalpo-
tentialsforexample.ThenumericalsolveroftheCOMSOL
softwaresolvesinfactthissetofequations,however,taking
thecurrentduetominoritycarriersintoaccountinaddition.
Butbecausetheyhaveacompletelynegligibleinfluencesince
thebarrierheightismuchlessthanhalfthediamondband
gapandnorecombinationcentersareincluded,theresults
obtainedbyanothersolverwouldnotbedifferentthanthose
presentedatthebeginningofthissection.

4ConclusionInverticalorpseudo-verticalSchottky
diodesand MOSheterostructurescomprisingastackof
lightlydopedonheavilydopedlayers,injectionofholesplays
averysignificantroleinthetransportmechanism.Combined
withtheadventofaccumulationregimeatsufficientlyhigh
forwardbias,thiseffectinducesboththedecreaseofthe
forwardlossesandspecificresistancewhenthecurrentden-
sityincreases,providedthelightlydopedlayerislessthan
about2mfordopingconcentrationbelow1016Bcm−3like
usualforhigh-voltagedevices.Itallowshighcurrentdensi-
tieshigherthan1kAcm−2underafewvoltsevenatroom
temperaturebecausetheholeconcentrationinthelightly
dopedlayerbecomeslargelyindependentofthetemperature,
thusalleviatingthelimitationduetoincompleteionizationof
acceptorsindiamond.However,reverseoperationwouldbe
preservedwithbreakdownvoltagesintherange1.4–2kVas
longasbreakdownfieldsintherange7–10MVcm−1likeal-
readyachieved[2,6]areimplementedinp−layers1.4–2m
thickbecausetheyarefullydepletedandbearthewholere-
versevoltage.Theseadvantagesmayhaveaverypositive
impactontheperformanceofhigh-powerdiamonddevices
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incomparisontocomponentsmadewithotherwidebandgap
semiconductors.
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Electricalpropertiesofmetal-semiconductor(M/SC)andmetal/oxide/SCstructuresbuiltwithZr
orZrO2depositedonoxygen-terminatedsurfacesof(001)-orienteddiamondfilms,comprisedofa
stackoflightlyp-dopeddiamondonaheavilydopedlayeritselfhomoepitaxiallygrownonanIb
substrate,areinvestigatedexperimentallyandcomparedtodifferentmodels.InSchottkybarrier
diodes,theinterfacialoxidelayerevidencedbyhighresolutiontransmissionelectronmicroscopy
andelectronenergylossesspectroscopybeforeandafterannealing,andbarrierheightinhomogene-
itiesaccountsforthemeasuredelectricalcharacteristicsuntilflatbandsarereached,inaccordance
withamodelwhichgeneralizesthatbyTung[Phys.Rev.B45,13509(1992)]andpermitsto
extractphysicallymeaningfulparametersofthethreekindsofinterface:(a)unannealedones,(b)
annealedat350C,(c)annealedat450Cwiththecharacteristicbarrierheightsof2.2–2.5Vin
case(a)whileaslowas0.96Vincase(c).Possiblemodelsofpotentialbarriersforseveralmetals
depositedonwelldefinedoxygen-terminateddiamondsurfacesarediscussedandcomparedtoex-
perimentaldata.Itisconcludedthatinterfacedipolesofseveralkindspresentatthesecompound
interfacesandtheirchemicalevolutionduetoannealingarethesuitableingredientsthatareableto
accountfortheMott-Schottkybehaviorwhentheeffectofthemetalworkfunctionisignored,and
tojustifytherevertedslopeobservedregardingmetalworkfunction,incontrasttothetrendalways
reportedforallothermetal-semiconductorinterfaces.VC2015AIPPublishingLLC.
[http://dx.doi.org/10.1063/1.4936317]

I.INTRODUCTION

Metal-semiconductorinterfacesarenecessarytoimple-
mentsensorsandelectronicdevices,anddiamonddoesnot
escapetothisneed.Buildingwelldefinedinterfacesatnano-
meterscaleisspeciallynecessaryforelectricalrectifiers,
whichcangainhighbenefitsfromthebulkpropertiesofbo-
rondopeddiamondlikeitsveryhighthermalconductivity,
holemobility,andelectricalbreakdownfield,1,2ifspecific
propertiesoftheinterfacearealsofulfilled.Thesearemainly
goodadhesion,thermalandchemicalstabilityatelevated
temperatures,compatiblewiththesuperiorpossibilitiesof
diamond,andpotentialbarriersensuringbothlowelectrical
lossesunderforwardvoltageandminimalreversecurrents
evenathightemperatures.Severalattemptshavebeenpro-
posed,relyingeitheronmaterialswhichreactwiththebare
surfaceofdiamondtoformcarbides,suchassilicon3orre-
fractorymetalsandcompounds,4–6evenhetero-epitaxially
grownondiamond,7ormetalsoneithertheoxygenatedor
hydrogenatedsurfaceofdiamond.8–12Onbarediamond
surfaces,potentialbarrierscloseto2Vandstableattemper-
atureshigherthan500Chavebeenobtainedbutreverse
currentdensitiesandidealityfactorsweremuchgreaterthan
expectedfromthethermionicmechanismaloneatleastat

roomandmoderatetemperatures,andsomeofthesecontacts
wereohmic.Thesepoorrectifyingcurrent-voltagecharacter-
isticshavebeenassignedtoinhomogeneousanddefective
interfaces,especiallywithcarbideformingmetals.8,13Lower
potential barriers areimplemented onthe hydrogen-
terminateddiamondsurfacesduetothedipoleHþ# C#

responsibleforthenegativeelectronaffinityofthesesurfa-
ces,where#istheaveragedfractionoftheelementary
chargeperatom.Butthechemicalstabilityisnotguaranteed
attemperaturesashighasinotherinterfacesandreversecur-
rentdensitiesturnoutnottobelowerthan107A/cm2at
roomtemperature,stillhigherthanthethermioniclimit.
Improvementhasbeenachievedwiththehelpofanoxide
layerdepositedontheH-terminatedsurfacetobuildfield
effecttransistors14,15butthissolutionisnotrelevantfor
Schottkybarrierdiodesfirstbecauseitisverydifficultto
controlaccuratelyandinareproduciblewayanoxideinter-
layermadeofforeignspecieswiththicknessinthesubnan-
ometerrange.Second,theSchottkybarrierheightsare
knowntobemuchsmallerthan1Vandevenzerofornoble
metals16onthehydrogenateddiamondsurface,thusinducing
fartoohighreversecurrentsinrectifiers.Becauseofan
invertedelectricdipoleattheoxygenatedsurfaceofdia-
mond,thelargestpotentialbarriersaregenerallyobtained
witheithernoble(Au)ortransitionmetalsdepositedonthis
typeofsurface,9butsomeauthorshaveshownthatthermal
treatmentsupto500or600Careabletodecreasethe
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barrierheightdownto1.2V,17,18probablybecauseofthe
cancellationoftheelectricdipoleO#

0

Cþ#
0

,stillpreserv-
ingagoodadhesionofthemetalliclayer.Morerecently,
wehaveshownthatalesselectronegativeandmoreeasily
oxidizable metallikeZr wasabletoreacheven more
beneficialpropertiesfortheSchottkycontact,namely,an
evenlowerpotentialbarrierheightwhilemaintainingthe
reversecurrentdensityafteranannealat450Ccloseto
3 1010A/cm2 atroomtemperature19 andanideal
current-voltagebehaviorformostdiodes.However,acom-
prehensivepictureofmetaloxygenated-diamondinterfaces
didnotemergeclearlyinthelastfifteenyears,neitherfor
thetransportpropertiesofcarriersthroughinterfacesnor
forthequestionofhowthepotentialbarrierheightisdeter-
mined,contrarytothecaseofhydrogen-terminateddia-
mondsurfaces.16Inthepresentpaper, mechanismsof
carrierflowandsignificanceofbarrierheightsareinvesti-
gated,ontheonehand,withmoredetailsandanalysedwith
thehelpofseveralmodels.
Ontheotherhand,thesetofworksquotedabovedem-

onstratesthatbothchemistryandphysicsmustbeboth
consideredwhendealingwiththeSchottkybarriers.Thisis
especiallytrueinthecaseofdiamondwherealargedisper-
sionofbarrierheightsoccurredforanymetal8theinlitera-
ture.Muchworkwasdevotedinthepasttogeneralmodels
thatareabletoexplainandpredictbandmisalignmentsat
interfacescompoundedofvariousmaterials,andarecent
reviewofthevariousapproaches,includinga mixed
physical-chemicalpointofview,hasbeenpublishedby
Tung.20But,asoftenthecaseformorethanonedecadein
theliteratureexceptedinRef.16,noexperimentaldata
regardingdiamondinterfaceshasbeenbroughtanddis-
cussed.Thepresentstudyaimsatfillingthisgap,giving
evidenceofthepresenceofanoxideinterfaciallayerand
discussingtherelevanceofvarious modelsofbarrier
heightregardingdatapresentedinthisarticleandothers
availableinliteratureforoxygenateddiamondinterfaces.
InSec.II,adetailedstudybyhighresolutiontransmission
electronmicroscopy(HRTEM)andelectronenergyloss
spectroscopy(EELS)isdevelopedtoshowthecharacteris-
ticsoftheinterfaciallayeratasub-nanometerscale,the
morenoticeablebeingthesystematicpresenceofoxygen
atinterfacebeforeandafterannealing.InSec.III,afirst
levelanalysisofthecurrent-voltagecharacteristicsrele-
vanttothedepletedsemiconductorinterfaceispresented
andrepresentativeparametersofthejunctionarederived,
confirmingthepresenceofaninterfaciallayerin-between
Zranddiamondandthelargedecreaseofthebarrierheight
afterannealing.InSec.IV,potentialbarrierinhomogene-
itiesatdifferentscalesareanalyzedandevidenceofposi-
tivelychargedcentersintheinterfacialoxideisgiven.The
consequencesuponcurrent-voltagecharacteristicsaredis-
cussedanditisdemonstratedthatthejunctionsexperience
achangefromdepletiontoaccumulationregimeatsuffi-
cientforwardbias.Two modelsareabletotakeinto
accounttheinfluenceofthebarrierheightinhomogeneities
aredevelopedandmatchedtoexperimentaldata,allowing
toderivemeaningfulparametersofeachinterfacewhich
indicatethatlargebarrierinhomogeneitiesprevailbefore

annealingwhiletheyalmostcompletelyvanishaftersuffi-
cientannealing.ThepreviousresultsareusedinSec.Vto
addresstheproblemofwhethersuchanaccuratecontrolof
theinterfaceandmetalchoicecanallowtotailorandpre-
dictthepotentialbarrierheightsofSchottkyjunctionson
diamond.Gatheringallthedataavailableforwellcharac-
terizedinterfacesofvariousmetalsonoxygen-terminated
diamondpermitstounveilacompletelyunusualrelation-
shipbetweenpotentialbarrierheightsand metal work
functions.Modelingthisnewresultneedstoconsiderthe
contributionofallelectricaldipoleswhichmaybepresent
atthesecompoundinterfaces.Conclusionsaredrawnin
Sec.VI.

II.NANOSTRUCTUREOFZIRCONIUMON
OXYGEN-TERMINATEDDIAMONDINTERFACES

Schottkyjunctionsareimplementedbyelectron-gun
depositioninultrahighvacuumofZronastackcomprising
alightlyborondopedhomoepitaxialdiamondlayergrown
onaheavilydopedone,itselfgrownonanIbsubstrate.The
surfaceofthelightlydopedlayerissubmittedtoaphoto-
chemicalUV-ozonetreatmentfortwohoursatroomtem-
perature,sothatoxygenterminationsprevailonthedia-
mondsurface.Otherdetailsofthediamondgrowthand
interfacepreparationaregiveninRef.19.Threetypesof
samplesareelaborated,thefirstonebeingannealedattem-
peraturesnotexceeding300C,whilethesecondandthird
onesareannealed,respectively,at350Cand450C;and
therespectiveinterfacesarelabeled(a),(b),and(c).
Identificationoftheoxidelayerandevaluationofitsthick-
nessarecarriedoutbyacombinationofHRTEM,EELS,
andhighangleangulardarkfield-TEM(HAADF-TEM)
techniques.HRTEM,HAADF,andEELS measurements
wereperformedusingthebeamofaJEOL2010FSTEM
microscopedirectedonelectron-transparentspecimensof
theinterfaceslabeled(a)and(c),fabricatedbyalift-off
techniqueinafocusedionbeam(FIB)FEIQuanta200–3D
dualbeammicroscope.
Thecharacterizationoftheoxidelayerhasbeencarried

outinthreesteps:chemicalcontrastTEM(CTEM)identifi-
cationofthemetal/oxide/diamondinterface,scanningTEM-
EELSstudyofthepreviouslyidentifiedoxidelayer,and
HRTEMimagingoftheinterface.Inafirstapproach,bright-
field(BF)imagesintheCTEMmodeareusedtoidentifythe
interface.BFimagingvariationsintheelectronabsorption
anddependenceonthediffractionanglesallowtodistinguish
betweendiamondandZrmaterial.Inasecondstep,EELS
spectraareacquiredtochemicallyidentifytheoxidelayer.
DuringEELSspectraacquisition,HAADF-TEMoperation
modeisusedtoidentifythediamond/Zrinterface,insofar
contrastsintheHAADFimagingareduetodifferentZ-
numberoftheelementsinthesample.Second,EELSprofiles
arecarriedout,revealingtheoxidelayerthroughtheobser-
vationoftheEELSoxygen-relatedpeak(seeFig.1(b)).
Third,onceCTEMandEELStechniqueshavebeenapplied,
HRTEMimagesofthepreviouslyidentifiedoxidelayerare
acquired.Fig.1(a)showsEELSspectrarecordedacrossthe
diamond/Zrinterfaceafterthethermaltreatment,atthe
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positionsindicatedintheinset.Presenceofoxygenis
revealedatthediamond/Zrinterface(positionC).Moreover,
thesimultaneousobservationoftheZr-M2to4andtheO-K
peaksatpositionCdisclosestheformationofanoxidelayer
atinterface;however,slightlydifferentfrombulkZrO2since
thepeakZr-M5ismissing.Ontheonesideoftheinterface,
adiamond-relatedshapeofthecarboncore-lossisevi-
denced,whiletypicalZr-relatedpeaksareobservedonthe
otherside.Fig.1(b)showsnormalizedintensityprofilesof
theoxygen-relatedpeak(seespectraatpositionC)acquired
acrossthediamond/oxide/metalinterfacesbeforeandafter
thermaltreatment.Toimprovesignal/noiseratio,tenspectra
wereaveraged.Thelatterprofileexposeshowoxygendistri-
butionchangesafterthermaltreatment,showingarealoxide
thicknessreduction(FWHMvariesfrom0.6nmto0.3nm)
whiletheamplitudeisincreasedbyafactor1.5,suggesting
anaugmentedoxygendensity.NotethattheFWHMofthe
EELSlinescanresultsfromtheconvolutionwiththeprobe

sizeof0.2nm.Simultaneously,theEELSanalysisoftheox-
ygencontentintheZrlayerindicatesanaveragedconcentra-
tionof5%intheas-depositedmetalwhileitdecreasesto1%
afterannealing.Finally,analysisof HRTEMimagesas
shownintheinsetofFig.1(b)indicatessomein-depth
roughnessintheinterfacesofkind(a),whereasasmoother
interfacetakesplaceafterannealingincontactsofkind(c),
leavinghoweveranabrupttransitionacrosstheinterface
betweencarbonatomsandthoseoftheinterlayerinboth
cases.
TitaniumandZirconiumarewellknowntoincorporate

oxygenandpossiblynitrogenwhentheycondenseontoa
substrateafterevaporationinvacuum,aneffectwhichis
clearlyevidencedbyapressuredecreasebyaboutoneorder
ofmagnitudeinsidethedepositionchamber.Consequently,
itisnotsurprisingtofind5%ofoxygenintheas-deposited
Zrlayer.Nitrogenisnotdetected.Increasingthetemperature
leadstoaugmentedinternalpressureandelasticenergyof
theZrlattice,sothatitbecomeslessexpensiveintermsof
totalinternalenergytoformanoxideatthemetalinterfaces,
bothbecausetheinternalpressureisdecreasedandtheen-
thalpyofoxideformationisnegative.Sucheffectsexplain
whytheoxygencontentoftheZrlayerisdecreasedafter
annealing.Moreparadoxicalisthesharpeningoftheoxide
interlayershownbytheEELSspectrabecauseanincreasein
theoxygencontentattheinterfaceshouldbeexpectedfrom
theevolutionsdescribedpreviously.Atleastthreereasons
canreconcilethisapparentcontradiction:(i)thebeamspot
(withanapproximatesizeof0.2nm)averagesin-depth
roughnessduringtheEELScaptureand,asaconsequence,
therecordedO-KprofileofFig.1(b)showsawidenedprofile
intheinterfaceofkind(a)beforethermaltreatment;(ii)we
knowthatoxygenterminationcoveragehasalowerdensity
thanthelastcarbonatomlayerofthediamondlatticeeven
afterthemostefficienttreatmentlikeUV-ozoneoxidation
usedinthisstudy,21afactwhichcorrelatesverywellwith
thepreviousstatementsinceanaturalnon-uniformityresults
beforeannealing;(iii)asdemonstratedinSectionsIIIand
IV,astrongchangeinelectronicpropertiesoftheinterface
followsthe450Canneal,correlatedwiththeelectronaffin-
ityvariationofthediamondsurfaceinducedbythecancella-
tionoftheoxygenterminations.However,becauseoxygenis
stillpresentatinterfaceafterannealing,oneisforcedtocon-
cludethatbondinghasbeendeeplymodified,withaproba-
bletransformationfromaphysisorbedmetallayeronthe
oxygenterminateddiamondsurfacelikelythroughthe
hydroxylterminations(seeSubsectionIVA),towardsstron-
gerbondsbetweencarbonandoxygenatoms,characterized
bothbyshorterbondlengthsandahigherandmoreuniform
density.Takingintoaccounttheconvolutionwiththeprobe
size,theoxygenthicknessdetectedbyEELSafter450C
annealininterfacesofkind(c)suggeststhattheoxideinter-
layercomprisestwoplanesofoxygenatomsseparatedbya
Zratomplane,sincethedistancebetweentwooxygenplanes
is0.256nmincubiczirconia,thusdefiningafullunitcellof
ZrO2asthewholeinterlayerthickness.Secs.IIIandIVare
devotedtodetermineandunderstandhowoxygenspeciesat
theinterfaceinfluencetheelectricalproperties.

FIG.1.(a)EELSspectrarecordedinaninterfaceofkind(c)alongtheline-
scandrawnintheHRTEMimageshownintheinset.ThepeakZr-M2is
alsovisiblenear345eVbutZr-M5normallydetectedina10nmthickZrO2
layernear190eVismissingintheinterfaciallayer.(b)Normalizedintensity
profileoftheoxygenrelatedpeakacrosstheZr/diamondinterfacebefore
(greycurve)andafterannealingat450Cfor30min(blackcurve),corre-
spondingtointerfacesofkinds(a)and(c)aslabeled,respectively,inthe
text.Intheinset,HRTEMfilteredimagesoftheZr/oxygen-terminateddia-
mondinterfacesofkind((a),unannealed)and((c),annealedat450 C)are
shown.SuperimposedcontrastsofdiamondandZrcanbeobservedinthe
Zr/diamondinterfaceofkind(a),withwhitearrowstoguidetheeyes
throughthediamond/Zrinterface.

204505-3 Muretetal. J.Appl.Phys.118,204505(2015)

 [This article is copyrighted as indicated in the article. Reuse of AIP content is subject to the terms at: http://scitation.aip.org/termsconditions. Downloaded to ] IP:

147.173.65.252 On: Tue, 01 Dec 2015 13:30:42



III.CURRENT-VOLTAGECHARACTERISTICSOFTHE
ZIRCONIUM-OXYGEN-TERMINATEDDIAMOND
INTERFACES

A.Theoreticalbackgroundoftherelationshipbetween
currentandvoltage

Current-voltagecharacteristicsandmechanismsofcar-
riertransportthroughthepotentialbarrierpresentinmetal-
semiconductorjunctionshavebeendiscussedextensivelyin
thereviewarticlesandtextbooks.20,22–24Thezdirection
beingperpendiculartothex–yplaneoftheinterface,the
currentcanbecalculatedinthesemi-classicalframeworkof
the Maxwell-Boltzmanndistributionof majoritycarrier
velocitiesby

Iz¼

ððð

e0vzðEÞDðEÞdEdxdy; (1)

e0beingtheelementarycharge,vz(E)isthecarriervelocity
inthezdirection,andD(E)isthemajoritycarrierdistribu-
tionjustatenergiesEabovethepointwherethepotential
barrierculminates.Ifthebarrierishomogeneous,atacon-
stantpotentialUBthroughoutthex-yplane,thecurrentden-
sitycanbewrittenfromthepreviousexpression,inthecase
ofavoltageVjappliedtothejunction,

22,25

Jz;2¼
e0NMvcoll
1þvcoll=vdiff

exp e0UB=kBTð Þexpe0Vj=kBT 1;

(2)

withNMbeingtheeffectivedensityofstatesatthemajority
carrierbandedge,kBistheBoltzmannconstant,Tisthe
absolutetemperature,vcollisthecollectionvelocityatinter-

face
ffiffiffiffiffiffiffiffi
kBT
2pm

q
,duetothethermioniceffectandequaltoone

quarterofthethermalvelocity,m*istheconductioneffec-
tivemassofmajoritycarriers,andvdiffistheirdiffusion
velocity.Thepreviousexpressiontakesintoaccountthetwo
transportmechanismsofmajoritycarrierswhichworkinse-
ries,due,respectively,tothethermoionicvelocityatinter-
faceanddiffusionvelocityinsidethedepletionzone,
whereasitneglectsbulkrecombination.Thediffusionveloc-
itysimplifiesintotheproductofthemajoritycarriermobility
bytheelectricfieldatinterfaceifthebandbendingexceeds
somekBT/e0unitsandisgenerallynotthelimitingfactorfor
thedirectcurrent,asconfirmedinthesamplesunderstudy
fromthecomparisonofthetwovelocities.Thenumeratorof
thefirstfactorinEq.(2)canberewrittenA*T2whereA

¼ð4pe0k
2
Bm0=h

3Þ ðm=m0Þ,thefirstquantityinsidethepa-
renthesisbeingtheRichardsonconstantforemissionofelectrons
intovacuumwithamassm0atrest,AR¼120Acm

2K 2.
Becausevdiffdecreaseswiththeincreaseoftheforwardbias
voltageVj,thepre-exponentialfactorofEq.(2)becomes
voltagedependent.Otherreasonsforsuchaneffectinvolv-
ingalsothefactorexpðe0UB=kBTÞare(i)theimageforce
loweringofthebarrier,(ii)tunnelingthroughthetopofthe
barrierpossiblyassistedbytheelectricfield,(iii)voltage
dropinsideaninterfaciallayerbetweenthemetalandsemi-
conductor,(iv)charginginterfacestatesinequilibriumwith
thesemiconductor,and(v)aspatiallyinhomogeneousbarrier

asdiscussedfurther.However,thesecondeffectisnoticea-
bleonlyinheavilydopedsemiconductors,acasewhichis
notachievedinthisstudysincetheboronconcentrationof
thelightlydopedlayerisclosetoNA¼5 1015cm3.As
onealmostalwayswantstocharacterizetheSchottkycontact
withasinglepotentialbarrier,themorecommonapproxima-
tionconsistsofkeepingonlythezerobiasvoltagebarrier

heightU0BinthefirstexponentialfactorofEq.(2)andgath-
eringallthevoltagedependenteffectsintothelastfactor.
Sincealltheseeffectscontributetoaslopeofthelogarithm
ofthecurrentwhichissmallerthane0/kBT,anidealityfactor
nlargerthanoneisintroducedinthedenominatorofthe
exponentofexpðe0Vj=kBTÞandoftenconsideredasacon-

stantatleastforagiventemperature.Suchanhypothesisis
strictlyvalidinthecaseofaninterfaciallayerwherethevolt-
agedropisaconstantfraction1 1/nofthebandbending

U¼U0B Vj Vdop(withe0Vdopbeingtheenergydiffer-

encebetweentheFermilevelandmajoritycarrierbandedge
inthebulksemiconductor)mainlydeterminedbytheoxide
capacitanceanddensityofinterfacestates26whenmecha-
nisms(ii)and(iii)arecombined.Butitisnotadequateifthe
interfaciallayereitherallowstunnelingofcarriersasthe
maintransportmechanismordoesnotdisplayanyadditional
barrierfor majoritycarriersbecauseofbandalignments
similartothoseoccurringintypeIIheterostructures,orin
thecaseofbarrierinhomogeneitiesandevenwithimage
forcelowering.Othereffects,whichareduetoquantum
reflexion,transmission,andphononscatteringofcarriersat
theinterface,arevoltageindependentandgenerallyvery
weaklytemperaturedependentsothatitisconvenientto
lumpthemintoaneffectiveRichardsonconstantA**which
isweakerthanA*bysometensofpercentinthecaseofinti-
mateSchottkycontacts,27yieldingthestandardvalueof
90Acm2K 2usuallyconsideredfordiamond.Thiseffec-
tiveRichardsonconstantcanbefurtherseverelydecreased
becauseoftheattenuationbyafactoraofthecollectionve-
locityvcollduetoadditionalscatteringofcarriersbycharged
centersandroughness,andtransportmechanismsthrough
theinterfaciallayerwhentheyexist.Finally,thenonideal
currentdensityisrewrittenas

Jz;3¼aA T
2exp

e0U
0
B

kBT

 !

exp
e0Vj
nkBT

1: (3)

Experimentalcurrent-voltagecharacteristicscanthenbe
accountedforbysuchanexpressionwiththeidealityfactor
nasanadjustableparameter,providedaA**isknownand
theseriesresistanceRsisadjustedinordertofittheaddi-
tionalvoltagedropRsIzappearinginthetotal measured
voltageV¼VjþRsIz.ThisisdoneinFig.2forthethree
interfacesnearroomtemperature.Twokindsofdeviation
betweenexperimentaldataandthetheoreticallaws may
appearasitcanbeseeninFig.2;thefirstoneisduetoa
nonconstantidealityfactoraslongasthevoltagedropinthe
seriesresistanceisnegligible(typicallybelow0.5A/cm2in
thesediodesatroomtemperature)andthesecondoneisdue
tolesscommontransportmechanismswhicharediscussed
inthefollowing.Itis worthwhiletonoticethatthe
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rectificationratiosaremorethantwelvedecadesandthatno
generation-recombinationcurrentis detected onthese
current-voltagecharacteristics,whichwouldhaveinvolveda
symmetricalbehavioroftheabsolutevalueofthecurrent
aroundtheoriginatlowvoltages.Suchanalmostideal
behaviorstronglysuggeststhattheoxygenterminatedsur-
faceofdiamondpassivatesveryefficientlytheinterface
defectsabletodevelopleakagecurrents.28Thedetermina-
tionofaA**needstemperaturevariationsinsuchawaythat
thesaturationcurrentdensityoverT2,namely,aA exp

e0U
0
B

kBT
,obtainedfromtheextrapolatedvalueofthe

current-voltagecharacteristicatVj¼0,canbedrawn.Such
RichardsonplotsaredisplayedinFig.3.Theeffective
RichardsonconstantsaA**,idealityfactorsatroomtempera-
tureandparametersdescribedinthefollowingareindicated
inTableI.ItmustbestressedfirstthattheaA**valuesareat
leasttentimeslowerthanthestandardvalueA**andsecond
thatacarefulinspectionoftheFig.3showsthatthedata
pointsfollowsystematicallyaslightupwardcurvature,indi-
catingabarrierheightincreasewithtemperature.Thefirst
resultconfirmsindubitablythepresenceofaninsulating
interfaciallayer,whichisabletoincreaseconsiderablythe
quantumreflectioncoefficientanddecreasetheeffectiveve-
locityofcarriers,mainlybecauseofscatteringduetorough-
ness,chemicaldisorder,anddifferentialdielectricresponse.
Thesecondoneisthepreliminaryindicationofthepresence
ofbarrierinhomogeneities,aconclusionsimilartothat
obtainedinRef.29aboutsilicides-siliconinterfaces,also

implyingadditionalconsequenceswhichhavetobeanalyzed
morethoroughly.

B.Richardsonconstant,idealityfactor,andpotential
barrierbehaviors

Zerovoltagebarrierheightsandaveragedidealityfac-
torsaredisplayedinFig.4asafunctionoftemperature.On
theonehand,theformerquantitiesexperienceindeedan
increase withtemperature withgenerallyanasymptotic
behaviortowardshighesttemperatures,whilethelatterones
aredecreasing,startingfromverydifferentvaluesatroom
temperature(whicharereportedinTableI)anddisplaying
verydifferentnegativeslopes.Asnoticedpreviously,such
variableidealityfactorscannotbeascribedtoavoltagedrop
withinaninterfaciallayerbearinganadditionalbarrierto
thatbuiltinthesemiconductor,becausetheywouldnotbe
coherentwithoxideinterfaciallayerswhichstillexistatthe
threeinterfaces.Ontheotherhand,experimentaldataplotted
inFig.2deviatefromthesimulatedcurvesdrawnindashed-
dottedlinesonthebasisofaconstantidealityfactorwhen
voltagedropintheseriesresistanceandothereffectsremain
negligible.Afirstattempttofitmoreaccuratelyexperimental
resultsusesanalternativedefinitionofthecurrentdensity,
whichisalso morephysically meaningful.Itconsistsof
usingatemperatureandvoltagedependentbarrierheight

FIG.2.Currentdensityasafunctionofappliedvoltageat300Kinthethree
interfacesmadeofZrdepositedonoxygenterminateddiamond(a)with
annealingtemperaturenotexceeding300C;(b)annealedat350C;(c)
annealedat450C.Dashed-dottedlinesarecalculatedwiththehelpofEq.
(3),aA**valuesincludedinTableIwhichareobtainedfromfitsachievedin
thetwofollowingfigures,andadjustedconstantvaluesoftheapparentbar-
rierheightandidealityfactorineachcase,thatare,respectively:(a)1.83V
and1.57;(b)1.47Vand1.29;(c)0.97Vand1.05.Voltagetakesinto
accountthevoltagedropinaconstantseriesresistanceof600Xincase(a)
and300Xincases(b)and(c),ingoodagreementwiththetheoreticalones,
butcurrentdensitiesaboveafewA/cm2turnouttobehigherbecauseofthe
conductivityincreaseduetoholeinjectionfromtheheavilydopedlayer.
Fulllinesrelyonmodelswhichincorporatebarrierheightloweringandare
describedinSectionIV,withEq.(7)forcases(b)and(c),whileEq.(14)is
usedforcase(a).Horizontalarrowsmarktheflatbandsituationineach
junction.Theeffectofimageforceloweringisdisplayedintheinsetforthe
case(a).Inthehatchedarea,self-heatingbecomesimportant.

FIG.3.RichardsonplotforthethreesameinterfacesasinFig.2.Averaged
barrierheightsdeducedfromtheslopeofeachstraightlineare,respectively:
(a)1.84V;(b)1.47V;(c)0.95V;veryclosetothatusedinFig.2.

TABLEI.ParametersoftheSchottkybarrierinthethreeinterfacesaccord-
ingtothemodelofSectionIII.

Sampletype
andannealing
temperature(C) aA**(Acm2K 2) n(at300K) U0B;1 (V) r

0
U(mV)

(a)<300 11 1.52 1.93 71

(b)350 2.8 1.29 1.57 87

(c)450 8.5 1.00–1.07 0.93 54
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UB(T,Vj),sothatthecurrentdensitycanberewrittenmore
usefullyforthehomogeneousbarriercase

Jz;4¼aA T
2exp

e0UBT;Vjð Þ

kBT
exp

e0Vj
kBT

1:(4)

Introducinganinhomogeneousbarrier whichfollowsa
Gaussianspatialdistributioninthex–yplaneoftheinter-
face,characterizedbyanaveragevalueUBðT;VjÞanda
standarddeviationrU(Vj),permitstoderive

24,29alawsimilar
eithertoEq.(3)orEq.(4),withaneffectivebarriergivenin
thesecondcaseby

UBT;Vjð Þ¼UBT;Vjð Þ
e0r

2
UVjðÞ

2kBT
: (5)

Foreachtemperature,itisalwayspossibletoconvertEq.(4)
intoEq.(3)throughthedefinitionofavoltageindependent
barrierheight,convenientlytakenatVj¼0,andavoltagede-
pendentidealityfactorn(T,Vj),validinallsituations,the
inverseofwhichbeingevaluatedfromthederivativeofthe
logarithmofthecurrentdensitygivenbyEqs.(3)and(4)
whenthereversesaturationcurrentisneglected

kBT

e0

dlnJzð Þ

dVj
¼

1

nT;Vjð Þ
¼1

dUBT;Vjð Þ

dVj
¼1þ

dUBT;Uð Þ

dU
:

(6)

However,inthisfirstlevelmodel,noexplicitdependenceof
theparametersisgivenasafunctionofjunctionvoltageVj
orbandbendingU.Somecasesofpotentialbarrierdistribu-
tionshavebeenanalyzedanalyticallybyTung,30 who
showedthatthedependenceoftheparametersonEq.(5)

wasnotlinearwiththebandbendingandhencewiththe
junctionvoltage,onthebasisofaphysicalrepresentationof
thebarrierloweringbyafictitiousdipolelocatedatinterface.
Anadditionalsourceofnonideality maybepresentifa
spreadingresistanceeffectoccurs,involvinginhomogeneous
currentdensityinsidethesemiconductorbecauseofcurrent
crowdingnearthepinch-offpatcheswithaloweredbarrier
andlocatedclosetotheinterface.31,32Thiseffectisnormally
expectedtoberelevantatcurrentlevelswheretheseriesre-
sistancevoltagebecomeslargerthansomekBT/e0.Butthe
combinationofmultiplebarriersandincompleteionization
ofdopingimpuritiesmayinducedeviationfromtheideal
current-voltagecharacteristicat muchsmallercurrents
becauseofsevereweakeningofthecarrierconcentrationand
narrowingofthecurrentpathsinthelowestbarrierpatches
whichcannotbeassessedeasilyfromthecomparisontoa
voltagedropinanaveragedseriesresistance.Thiskindof
nonidealitywillbediscussedSec.IV.
Inthesimplemodelpresentedabove,thebarrierfluctua-

tionsarecharacterizedbytheiraverageandstandarddevia-
tionbutarenotsupportedbyanyphysical model,thus
preventingthederivationofanyrelationshipbetweenphysi-
calpropertiesoftheinterfaceandelectricalones.Moreover,
thebehaviorsofthebarrierloweringandidealityfactorwith
voltageandtemperaturecannotbededuced.Therefore,the
reasonsforthesebarrierinhomogeneitieshavetobeana-
lyzedmoreaccuratelyandananalyticalmodelwhichwill
generalizethatdevelopedbyTung30willbeimplementedin
Sec.IV,concurrentlywitharealisticsimulationofsome
potentialfluctuationsatinterface.Butwithintheframework
ofthesimpleapproachdevelopedinthepresentsection,itis
alreadypossibletoderivethetwoparametersUBð1;0Þand

FIG.4.Atleft,effectivebarrierheightsasafunctionoftemperaturein(a)diodesnotannealedattemperatureshigherthan300C;(b)annealedat350C;(c)
annealedat450C;fullcurvesarethebestfitsaccording,respectively,toEq.(5)orEq.(9)whichresultsessentiallyinthesamebehaviorfortheeffectivebar-
rier.Thepointatthehighesttemperatureindata(b)mustbediscardedbecauseithasbeenmeasuredatthesametemperatureastheannealingone,involving
anadditionalannealingtimewhichhasinducedafurtherevolutionoftheinterfacetowardsitsfinalstate(c).Atright,idealityfactorsforthesamediodesafter
thesamerespectivepost-treatmentsin(a0),(b0),and(c0);thebestfitstotheidealityfactordataobtainedwiththehelpofEq.(11)aredisplayedinfullcurves
for(b0)and(c0)andasadashed-dottedcurvefor(a0),butusinganonphysicalparameterinthelastcase.Thefullcurveadjustedon(a0)dataexploitsEq.(17)
andrelatedoneswithmoremeaningfulparametersattheexpenseofaworseagreementwithdataatthelowesttemperature(seetext).
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rU(0)atzerovoltagefromthefitofthesequantitiesaccord-

ingtoEq.(5),whicharerenamed,respectively,U0B;1 andr
0
U

forthesakeofsimplicityanddisplayedinTableI,forthe
threetypesofinterface.Theaveragebarrierheightatinfinite

temperatureU0B;1 decreasesbyabout0.5Vaftereachanneal

whilethestandarddeviationr0Uofthebarrierfluctuations
goesthroughamaximumafterannealingtheinterfaceat
350C.Butthedeficiencyofthepresentmodelisconfirmed
bythedifferentbehaviorsoftheidealityfactorwithtempera-
tureplottedinFig.4whichcannotbeexplained.Thesedis-
crepanciesconfirmtheneedforamoreaccuratemodelof
theeffectofpotentialfluctuationsatinterfaceuponcurrent-
voltagecharacteristics.
Meanwhile,anunusualresultwhichensuesfromthecal-

culationofthecurrentdensitiesnecessarytodrawthefitting
curvesinFig.2canbealreadypointedout.Atsomecurrent
threshold,flatbandsarereached(seethearrowsinthesame
figure)anditisnecessarytoconsiderthataccumulation
occursattheinterfacetoexplainthecontinuousincreaseof
thecurrentdensitiesbeyondthisthreshold.Suchabehavior
matchesEq.(1)whichstatestheproportionalityofthecur-
renttoavelocityandcarrierconcentrationatinterface.For
example,inthecase(c),flatbandsarereachedatavoltage
of0.63V,correspondingtoaninitialbandbendingof
0.97 0.38¼0.59V(hereVdop¼0.38V)plusthebarrier
increaseof0.04VdemonstratedinSec.IV.Thecorrespond-
ingcurrentdensitycalculateddirectlywiththeholeconcen-
trationgivenbyformula(1)in Ref.1,assuminga
compensationof20%(donorconcentrationND¼10

15cm3)
andEq.(1),withacollectionvelocitytentimessmallerthan
thatforanintimatecontact,yields0.4A/cm2,veryclose
bothtotheexperimentaloneandthatcalculatedbyEq.(4).
Incases(b)and(a),stillat300K,flatsbandsarereached,
respectively,atlowercurrentdensitiesindicatedinFig.2,
whichcannotbecalculatedwiththehelpoftheinitialmodel
becausetheapparentbarrierheightsdeducedpresentlyare
largelyunderestimatedandwouldproduceirrelevantband
bending.Therefore,assessingthesevaluesneedstowaitfor
moreaccurateandphysicallyrelevantmodelswhichwillbe
developedinSec.IV.InEq.(2)andsubsequentones,the
barrierheighthasbeenintroducedforconvenienceandit
wasoftenbelievedasanimpassablelimitinSchottkydiodes.
Suchastatementisnottrueaseveryonecanbeconvincedif
herealizesthatEq.(2)andsubsequentonesallderivefrom
Eq.(1)wherethecurrentiscontrolledbyacarrierconcentra-
tion.Bandcurvaturereversalandoccurrenceofaccumula-
tionregimearepossibleandevennecessarytoreachhigh
currents,uptomorethanthousandtimesthosegotatflat
bands,intheseinterfacesmadeonoxygen-terminateddia-
mond,becausefirstofthelowvaluesoftheeffective
Richardsonconstant,secondofthewideforbiddenbandgap
ofdiamondandthirdofthelargeionizationenergyof
acceptors.Insucharegime,diffusionflowisinvertedclose
totheinterface,thebarrierseenbymajoritycarriersiscan-
celedandconsequently,themodelsrelyingonEq.(2)and
followingones,andonthepropertiesofbarrierheightinho-
mogeneities,especiallytheirvoltagedependence,become
inappropriate. Conversely, current crowding nearthe

pinch-offpatcheswithaloweredbarriermaybecomeamajor
sourceofnonideality.Thesemechanismswillbeeitherincor-
poratedintotheforthcomingmodelsorelse,keptinmindto
assesstheapplicabilityofthefollowingdevelopments.

IV.POTENTIALBARRIERINHOMOGENEITIESAND
IDEALITYFACTOR

A.Potentialfluctuationsduetorandomlydistributed
discretechargesanddipoles

Theelectrostaticpotentialexperiencedbymobilecar-
riersoriginatesfromfixedchargesscatteredinsidethespace
chargezoneandinterface.Formodelingpurposes,itisoften
derivedfromconstantbulkchargeconcentrationinthespace
chargezoneandhomogeneouschargedensityatinterface.
Thisviewiscorrectformechanismscharacterizedbylengths

largerthanthe DebyelengthkD¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
eSCe0kBT=ðe20NAÞ

p
,

whereeSCande0are,respectively,therelativepermittivity
ofthesemiconductorandthevacuumpermittivity,andwhen
averagelawsareevaluated,butmayfailifsomephysical
propertyofcarriersexperiences microscopicfluctuations.
Indeed,whentheeffectsofpotentialinhomogeneitiesareat
stake,thediscretenatureoffixedchargesaccommodated
withinthemetal/semiconductorormetal/oxide/semiconduc-
tor(MOS)structuremustbetakenintoaccountandtheaver-
agedistancebetweenthesediscretechargeshavetobe
comparedtokD.Here,kDamountsto40nmat300Kand
52nmat500K.Threelocationshavetobeconsidered:(i)
insidethedepletionzone,theaveragedistancebetweenion-
izedacceptorsis58nm,veryclosetokD.Onlythosewhich
areatsuchcomparabledistancesfromtheinterfaceinfluence
thepotentialbarrierheight,asclearlyevidencedinafollow-
ingsubsection.(ii)Theoxygenterminationsbondedtothe
carbonatomsofthe(001)diamondsurfacearemakingup
thenegativepartoftheinterfacedipole,reallypresentatthe
interfaceuptosomeannealingtemperature,aninvertedsit-
uationincomparisontowhathappensonthehydrogenated
diamondsurface,duetothesignchangeoftheelectronega-
tivitydifferencebetweencarbonandoxygenorhydrogen,
respectively.Thepositivecounterpartofthisdipolelies
withinthefirstandsecondcarbonlayersjustbelowthesur-
face,resultinginapotentialjumpthroughthesurfaceof
DqddiNdi/(eie0)whereDqisthechargetransfer,ddiisthe
dipolardistance,Ndiisthesitedensity,andeiistherelative
interfacepermittivity.24 Thispotentialjumpisdirectly
reflectedbytheelectronaffinitychangeprovidedbyoxygen
terminations.Onaverage,itcanbeestimatedcloseto1.7V
becausethesmallerdifferencebetweenelectronaffinitiesof
thefree(2 1)reconstructedsurfaceandtheoxygenated
surface33isprobablyduetoalreadyelectrondepletedbonds
inthelastcarbonlayeroftheformerone.Takinginto
accountthe30%coveragemeasuredbyX-raysphoto-elec-
tronspectroscopy21onoursamplestreatedbyUV-ozone,
equivalentto5 1014sitespercm2,awholedistancenormal
totheinterfaceofroughlyddi¼0.1þ0.2¼0.3nmand
ei¼2,theestimatedchargetransferturnsouttobe2 1020

C,thatis#0¼0:13electroniccharge.However,itisknown
firstthatthereareseveraloxygenterminations,atleastether
(C–O–C),carbonylorketone(C¼O),hydroxyl(C–OH),
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andcarboxyl(O¼C–OH)groups34–37asindividualadsorbates
whichcanbesimultaneouslypresentonthediamondsurface,
andpossiblyepoxide(bridgedoxygenbetweentwoadjacent
carbons)38incaseofUV-ozonetreatmentasdoneonoursam-
ples.Theelectronaffinitiescalculatedtheoreticallyforthefirst
threeterminationsaredifferent.36,39Second,allthesitesarenot
occupiedbyetherorketoneterminations(inourcase,about
30%,21likewhenoxygenplasmatreatmentisappliedtothedi-
amondsurface)butwhenadjacentsitesareprovidedwithan
oxygentermination,polymerizationalongchainsmayoccur.34

Third,comparisonbetweentheexperimentalelectronaffinity
oftheoxygenterminated(100)-orienteddiamondsurface,33,40

near1.6eVor1.7eV,andthosecalculatedtheoretically36,39

(the“bulk”oneinthesenseoftheSquepublication,thatis,the
differencebetweenthebottomoftheconductionbandandvac-
uumlevelatthesurface)showsthatthelatterareabouttwice
theexperimentalonesforetherandcarbonylterminationsand
closetozeroornegativelikeforthehydrogenterminationin
thecaseofhydroxyl.Itisthereforequiteclearthatamixingof
atleastthesethreetypesofterminationsisnecessarytorecon-
cileexperimentalandtheoreticalelectronaffinitiesaslongas
thosemeasuredbyphoto-electronspectroscopyareaveraged
values.Therefore,thedipolestrengthresultingfromthesevari-
ousadsorbatesisabletomodifythepotentialbarrierheightthat
isfarfrombeinghomogeneousatleastoverascalelengthof
fewnanometersandalsoalongamuchlargerscaleifthevari-
ousterminationsarearrangedinthemacroscopicdomains,
resultinginanon-uniformlocalelectronaffinity.Anotherrea-
sonwhichmayleadtoscatteredpatcheswithdifferentbarrier
heightswouldbethechemicalinhomogeneitiesasoftenpresent
whencarbideformationoccurs,13whichmightalsohappenif
thechemicalcompositionoftheinterfacialoxidelayerorits
thicknesswerenothomogeneousthroughouttheinterface.And
lastbutnotleast,extrinsicdefectssuchasemergingdisloca-
tionscannotbeexcludedassourcesoflocallyloweredbarrier
heightlikerevealedatCoSi2/n-Si(001)interfacesbyballistic
electronenergymicroscopy.41Onthecontrary,theintrinsic
dipoleduetochargetransferacrosstheinterfacebecauseofa
possiblemisalignmentofthechargeneutralitylevelsinthetwo
materialsissupposedtobehomogeneousbecauseitresults
fromtheoccupationofgapstateswhicharedelocalizedinthe
planeoftheinterfaceandwillnotparticipateinpotentialfluctu-
ations.(iii)Asevidencedinthefollowing,discretecharged
centersexistinsidetheoxideof MISstructuresandare
expectedtobealsopresentinthethininterfacialoxideofthe
Schottkycontacts.Thesecasesaretreatedquantitativelyin
SubsectionsIVB–IVEandarebroughtfacetofacetoexperi-
mentalandsimulationresults.

B.Evidenceofchargedcentersinoxidelayers

Tocheckquantitativelythepresenceofdiscretecharged
centersinsidetheoxide,an MISstructureAl/ZrO2/p-type
(001)orienteddiamondhasbeenfabricated.The25nmox-
idelayerhasbeenpreparedbyatomiclayerdepositionat
100C.Thep-layerhasathicknessof2lm,containssome
1017B/cm3,andhasbeenepitaxiallygrownontopofa
200nmpþþdiamondlayeritselfinepitaxialrelationshipon
a(001)orientedIbsubstrate.Afteretchingthep-layerand

beforethedepositofthelaststackAl/ZrO2,anohmiccontact
isfabricatedaroundthesampleontheheavilydoped(pþþ)
layer,ensuringaseriesresistanceclosetoafewkX.
Similarly,thepropertimeconstantoftheMISstructureisin-
feriorto1ls.Suchapropertyallowssafemeasurementsof
thestatic,pulsedandtransientcapacitancesatafrequencyof
1 MHz,asdescribedinRef.42.Resultsofthereciprocal
squarecapacitanceasafunctionofvoltageandtheisother-
malspectraofprojectedinterfacestatesasafunctionofthe
holeemissiontimeconstantdeducedfromthefirstreal
Fouriercoefficientofthecapacitancetransientsattwotime
windowdurationsaredisplayed,respectively,inFigs.
5(a)–5(c).Fromtheextrapolationofthelinearpartofthe
curveinFig.5(a)tozeroordinates,aflatbandvoltageVFB
of 4.1VisdeducedwhereasavalueequaltoUMS¼UM
vSC EG/2e0 (Ei EF)/e0¼ 2.4Vwouldbecalculated
withthehelpoftheelectronaffinitymodelandUM¼4.28V
fortheAlworkfunction,43vSC¼þ1.6eVfortheelectronaf-
finityofoxygen-terminatedp-typediamond,33,40EG¼5.45eV
forthediamondbandgapand/F¼ðEi EFÞ=e0¼2:35V
deducedfromthedifferencebetweenintrinsicandFermi
energylevelsinbulkboron-dopeddiamond,assumingno
chargeintheoxide.Thediscrepancycomesfromthislasthy-
pothesiswhichisnotverified,implyingthattherealsituation
comprisesapositivechargeinsidetheparenthesisofthelast
terminVFB¼UMS ðQisð0ÞþQoxÞ=Cox,whereCoxisthe
oxidecapacitancedensity,Qis(0)andQoxbeing,respectively,
thechargeperunitareaininterfacestatesatflatbandsandthe
productofthetotalchargeperunitareawithintheinsulatorby
theratioofthebarycenterofthischargetotheinsulatorthick-
ness.42Toreconcilethetwovalues,atotalnumberofpositive
chargesperunitareamustamountto2 1013cm2withinthe
25nmthickoxidelayer.
Thecenterswhichaccommodatechargemayexperience

changeoftheirchargestateifsomemechanismsareoccur-
ring,likecarrieremissionfrominterfacestateslyinginthe
commonforbiddengapofthetwomaterials,andalsotrans-
portbyhoppingandtunnelingacrosssomethicknessofthe

FIG.5.(a)Squareoftheinversecapacitancedensityasafunctionofthe
gatevoltage;(b)and(c)curvesareisothermaltransientcapacitancespectra,
respectively,aftera1msanda100msfillingpulse,recordedatagatevolt-
ageof3Vandtemperatureof362K.
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insulator.Sucheffectsgiverisetotransientcapacitancesin
theMISstructurebecauseoftherearrangementofallthe
individualelectricdipolesnecessarytocomplywiththerule
ofaconstantwholeelectricdipoleiftheMISissubmittedto
aconstantvoltage.42Isothermalspectraaredisplayedin
Figs.5(b)and5(c)asafunctionofthecharacteristicemis-
siontime.TheyareobtainedfromtheFouriertransformof
thetransientswhicharerecordedaftertwofillingpulseslast-
ing,respectively,1msand100ms.Theyshowatwopeak
structure,theslowerpeakbeinghigherforthelongerfilling
pulse.Thisresponsecanbeviewedastheprojectedspectrum
ofstatesontheinterfaceenergyscaleinasmuchbothstates
locatedatinterfaceandsomeoxidestatesaswell may
exchange holes withthe valence band of diamond.
Differentialspectroscopyishereunnecessaryjustbecause
emissionfromdiscreteinterfacestatesinthecommon
bandgaplargelydominatesthatfromahypotheticalcontin-
uumsincepeakedstructuresclearlyappearinFig.5,andan
accuratecalibrationoftheenergyscaleisnotneeded.The
smallerfillingpulsedurationtp¼1mshasbeenchosento
ensurecompletefillingofinterfacestatesevenwithcapture
crosssectionsaslowas1019cm2,whereasthelarger
tp¼100msisabletoinvolveadditionallyeitherinjectionor
extractionofcarrierstrappedindiscretestateslocalized
withintheinsulatoratsomedistancefromtheinterface.The
importantpointconsistsofthedifferentbehaviorsfollowed
bythetwopeaksasafunctionoftp:thefirstoccurringatthe
shorteremissiontimeisveryweaklysensitivetotpandcon-
sequentlyrelatedtoaninterfacestatewhereasthesecond
oneincreaseswithtp,involvingcarriertransportthrough
someinsulatorslice.Thisisthedemonstrationthatatleast
onediscretestateexistsinsidetheoxide.Anorderofmagni-
tudeofthedistancedofthesecentersfromtheinterfacecan
beestimatedfromtheinverseoftheattempt-to-escapetime
checkedbyJainandDahlkefortrapsinSi/SiO2interfaces

44

andgivenby 0expðqdÞ,with 0’10
16s1anda’

1.05Å1,yieldingroughlyd’ 3nm. Thereciprocal
attempt-to-escapetimeatzeroinsulatorthickness 0andthe
quantumtransmissioncoefficientqareconditioned,respec-
tively,bythequantumuncertaintyaboutthepotentialwell
orbarrierheight,alsocloseto2h=GwhereGistheline
widthoftheresonance,45andtunnelingtransmissioncoeffi-
cientwhichdependsonthesquarerootofthepreviousquan-
tities.Becausetherelevantenergiesarestillabout1eV,the
orderofmagnitudeof 0andqareexpectednottobelargely
differentinthepresentcase.Theevaluateddistancedis
closetoonetenthofthewholeinsulatinglayerthickness,a
ratiosimilartothatofthecenterdensitiesdeducedbythe
transientandstaticcapacitancemethodsinthe MISstruc-
ture.Consequently,thesepointdefectsbehavingasrepulsive
centersforholesandlocatedinsidetheoxidelayeratthe
Schottkyinterfacesunderstudymightnotbeignoredunless
otherchargedcentersordipolesprevail.

C.Effectsoflocalbarrierenhancementduetorandom
elementarychargesanddipolesclosetotheinterface

Electrostaticpotentialalongxandydirections,parallel
totheinterface,andz,normaltotheinterface,canbe

calculatedbyaddingthreetermsasafunctionofnormalized
distancesn¼x/kD, ¼y/kD,andf¼z/kD,andbandcurva-
tureUinvolt:theaveragepotentialofthedepletionzone

ð
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
U kBT=e0

p
f
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
kBT=ð2e0Þ

p
Þ2;theimageforcepotential

uim/fwithuim¼e0/(16peSCe0kD)andthepotentialdueto
eitherrepulsiveelementarychargespositionedsymmetri-
callyatn¼6n0,¼0,andbeyondtheinterfaceplanebya
distancef0,thatis,

4uim
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

n n0ð Þ2þ 2þ fþf0ð Þ2
q

þ
4uimffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

nþn0ð Þ2þ 2þ fþf0ð Þ2
q

orreplacingeitheroneortwooftheprevioustermsby

4uim
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

n7n0ð Þ2þ 2þ fþf0ð Þ2
q

þ
4uimffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

n7n0ð Þ2þ 2þ f f0ð Þ2
q

ateitheronelocationþn0orbothlocations6n0tosimulate
eitheroneortwoelementarydipoleduetonegativeoxygen
terminationbeyondtheinterfaceanditspositivecounterpart
onthediamondside.A3-dimensionalviewofpotentialbar-
riersinseveralcasesisgiveninFig.6,thelastonebeing
obtainedwithaninvertedsignbeforef0andfourrandom
locationsofelementarychargeswithinthedepletionzone.
Thethreefirstcasesare,respectively,devisedtomimicthe
mechanismsassumedtobeatstakeinthetransportofcar-
riersatinterface,resultingfromtherepulsiveeffectof
chargeslocatedjustatinterfaceorclosetoitinsidediamond:
(a)withnegativeoxygenterminationsinducinginterface
dipoleswhicharesupposedtodominate;(b)withamixed
influenceofrepulsiveoxidechargesanddipolessimilarto
thoseofthepreviouscase;(c)withonlyrepulsiveoxide
charges.Inthesethreecases,elementarychargesordipoles
enhancethebarrierlocally.Onthecontrary,inthefourth

case(d),barrierloweringdUsadB;1mayoccurwithasaddle

pointatnormalizeddistancefsadfromtheinterfacewhich
canbecalculatedexactlyfromthesolutionsofaquartic
equationresultingfromthecancellationofthepotentialde-
rivativealongthefdirection.However,aroughestimate,
easiertoderive,reliesonthegeometricmeanofthetwo
extremesolutionsofthequarticequation,andcanbe

expressedasfsad
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
vðUÞ½f0 2vðUÞ
p

withvðUÞ¼u
1=2
im

2kBT
e0

1=4
U kBT

e0

1=4
,andresultsindUsadB;1 4uim=

ðf0 fsadÞ.Theresultingeffectsofthisbarrierheightlower-
ingwillnotbetreatedindetailhere.Inthethreefirstcases,
thedistributionfunctionofpotentialbarrierheightsisthen
calculatedwithafixedvalueoff0andrandomvaluesofn0
aroundameann0accordingtoanormallawwithastandard

deviationrn,toassessthepossiblevaluesofUBðT;VjÞand
rU(Vj),thecharacteristicparametersoftheinhomogeneous
barrier.
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Inafirststep,theparameterrU(0)isadjustedtomatch
thevaluesdisplayedinTableIatamediumtemperature,typ-

ically500Kwithrealisticvaluesoff0;n0andrn.Morespe-

cifically,f0kDspanstherange0.2to0.46nmandðn0kDÞ
2

therange1.5 1012cm2to3 1014cm2,thetwolater
limitsfeaturing,respectively,apositivechargedensityinside
theoxidelayerandthedipoledensityattheoxygentermi-

natedsurface. Accordingly,theaverage distances n0
betweenpointchargesordipolesspanarangelimitedby
0.08and0.007(inkDunits),respectively.Therefore,thebar-
rierheightfluctuationsareoccurringalongamicroscopic
scale,wellbelowtheDebyelength.Inasecondstep,the

bandbendingischangedandthevaluesofUBðT;UÞand
rU(U)areevaluatedasafunctionofthebandbendingU.In
allthecasesandwhateverthetemperature,assuggestedin

Ref.29,theincreaseintheaveragebarrierheightUBðT;VjÞ

andthedecreaseinthestandarddeviationrU(Vj)withthe
increasingforwardvoltageandcorrelativedecreasingband
bendingisfullyconfirmed,althoughthebarrierheightdistri-
butionisnotsymmetricandcannotbestrictlydepictedbya
normallaw.ThetrendsfollowedbythetwotermsofEq.(5)
bothcontributetoanincreaseinthebarrierheightwithfor-
wardvoltagewhichcanbealsointerpretedasanincreasein
theidealityfactor,thusinducingalowercurrentdensityin
comparisonwiththatanticipatedwiththehelpofaconstant
idealityfactorlikesketched withdashed-dottedlinesin
Fig.2.AtvariancewiththehypothesisusedinRef.29,nei-

therthevariationofUBðT;VjÞnorthatofrU(Vj)
2islinear

withVjorU,alawwhichwouldhaveresultedinaconstant
idealityfactor,incontradictionbothwithexperimentaland
simulationresults. Another majorfeatureistherelative

insensitivityoftheidealityfactortothedensityofpoint

chargesordipolesðn0kDÞ
2,theformerstartingfrom

1.01–1.02forbandbendingcorrespondingtozerovoltage
biasandgrowingupto1.05–1.15whenthebandbendingU
becomesclosetoafewkBT/e0,asshowninFig.7,irrespec-
tiveofthetemperature.Thebarrierheightvariationswhich
arededucedfromtheidealityfactormatchverywellwith
thoseoftheimageforceloweringasclearinFig.7too.This
resultcomingfromthesimulatedinhomogeneousbarrier
heightwithrepulsiveelementarychargesordipolesdemon-
stratesthattheimageforceloweringanditschangeswiththe

FIG.6.Sketchofthepotentialbarrier
experiencedbymajoritycarrierswith
(a)twodipolesacrosstheinterface
witharepulsiveelementarychargeon
thesemiconductorside;(b)onedipole
ofthesamekindacrosstheinterface
andonerepulsiveelementarycharge
beyondit;(c)tworepulsiveelementary
chargesbeyondtheinterface;(d)ran-
domlyscatteredattractiveelementary
charges inside the depletion zone,
inducingasaddlepointofthepotential
energy,visibleasaloweredprofileof
thetopofthebarriernearthepotential
well which is the closest to the
summit.

FIG.7.Idealityfactorsdeducedfromthemicroscopicbarrierinhomogene-
itiesmodelforthethreetypesofinterfaceat300K(triangles),400K
(squares),and500K(circles)asafunctionofthebandbendingU.Curve(i)
isthebestfitofdatapointsby1þ1/P(U)withP(U)¼136.8U 76.4U2

þ28.4U3.Thecurve(ii)displaysthebarrierheightvariationdeducedfrom
(i)withthehelpofEq.(6)whichimpliesthatdUB/dU¼ 1/[1þP(U)].
Dashed-dottedcurve(iii)showstheimageforceloweringvariations.
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bandbendingisthemainsourceofthevariationoftheaver-
agebarrierheightwiththeappliedvoltage,becausebarrier
heightenhancementdoesnotcontributesignificantlytothe
wholebarrierexperiencedbycarriersresponsibleforthecur-
rent,exceptforareducedeffectivearea.Sucharesultvali-
datesthishypothesisalreadydoneinRef.30.Thewhole
variationamountstoabout40mVlikeinferredinRef.24for
theimageforceloweringalone.Itisthuspossibletoderivea
universallawfeaturedbyasolidlineinFig.7thatmaybe
usedtoderivecurrentdensity-voltagecharacteristicswith
thehelpofEqs.(4)and(6).Thefirstimportantresultcoming
outfromthissimulationturnsouttobethebetteragreement
ofthesimulatedcurrentdensitysketchedinsolidlineinthe
insetofFig.2inthecase(c)wherethebarrierheightcorrec-
tionhasbeentakenintoaccount.Thesecondoneisthe
insensitivityoftheidealityfactortotemperature,aproperty
whichmatchesratherwellthebehavioroftheinterface(c)in
Fig.4(c0),incontrasttotheabsolutevariationsindata(a0)
and(b0),althoughtheidealityfactor(c0)remainsslightly
higherthanthevaluesevaluatedfromtheimageforcelower-
ingalone.Takingalltheargumentsevidencedanddiscussed
inthissubsection,onemustconcludethatmicroscopicbar-
rierinhomogeneitiesresultingfromrepulsiveelementary
pointchargesordipoleswhichhavebeen,however,experi-
mentallyevidenced,cannotaccountformostoftheproper-
tiesoftheinterfacespresentlystudied,andthatanothertype
ofbarrierinhomogeneitymustbepresent.

D.Barrierheightandidealityfactorofinterfaceswith
loweredbarrierpatchesofsizeeithercomparabletoor
smallerthantheDebyelength

Thecalculationofbarrierheightfluctuationsduetobar-
rierheightloweringDpatcircularpatcheswithradiusR0or
linearoneswithwidthL0andtheireffectonthecurrent-
voltagecharacteristicsreliesonthesameprincipleasprevi-
ously,exceptfortheweightofeachdipolewhichhastobe

2peSCe0DpR
2
0toinducethedesiredbarrierchangeatcircular

patches which willbeonlyconsideredinthefollowing
becauseclosetothosehappeningnaturallyininhomogeneous
interfaces.Additionally,onlypatcheswithaloweredbarrier
areconsideredasdemonstratedinSubsectionIVC.This
method,knownasthedipole-layerapproach,hasbeenimple-
mentedanalyticallybyTung30andsummarizedlaterby
M€onch.24ForasinglecircularpatchwithradiusR0andbarrier
loweringDpembeddedintoahomogeneousareacharacterized

byaconstantbarrierheightUhomB ,asingleparametercontain-
ingthetwocharacteristicquantitiesR0andDp,whichiscalled

thepatchparametercp¼3ðDpR
2
0=4Þ

1=3,canbedefined.

IntegratingEq.(1)overthewholeareaAwiththehypothesis
ofaparabolicshapeofthepotentialaroundthesaddlepoint,
whichisthelowestpotentialofthepatch,restorestheformof

Eq.(3).ButthenewbarrierheightisUhomB minusaneffective

barrierloweringdUsadp atthepotentialsaddlepoint,theideal-

ityfactornisreplacedby1andaneffectiveareaAeff¼4p

k2DC=3affectsthecurrentexpression.Theweightofthepatch

isproportionaltothedimensionlessparameterC¼
cp
3

1
g1=3U2=3

whereg¼eSCe0=ðe0NAÞ.Boththeeffectivebarrierlowering

3CU¼cp½U=g
1=3andareaAeff¼

4pcpkBT

9e0
g=U½ 2=3arede-

pendentonthebandbendingU¼UhomB Vj Vdop,while
theidealityfactorisapproximately1þC,thereforeincreasing
withtheforwardvoltage.Thefinalstepconsistsofintroduc-
ingadistributionofavariablepatchparameter.IntheTung’s
originalwork,30twocaseswereworkedout:(i)asharpdistri-
butionofloweredbarrierpatchesapproximatedbyasingle
patchparameterc0and(ii)abroaddistributionfeaturedby
halfaGaussianlawwhichlimitedthecprangetothevalues
pertainingtobarrierheightloweringalone,whicharecp 0.
Thischoicewasjustifiedbythenegligiblecontributionof
patchescharacterizedbyabarrierheightenhancementtothe
wholecurrentaswecheckedinSubsectionIVC.Inorderto
generalizesuchanapproach,allowingtomatchcontinuously
anyintermediatebehaviorbetweenthetwopreviouscases,
thepatchparameterdistributionfunctionwillbechosenas

NðcpÞ¼
Dpffiffiffiffi
2p
p
rp
exp

ðcp c0Þ
2

2r2p
,characterizedbyastandard

deviationrpofthepatchparameteraroundthecentralvalue
c0andanarealdensityDp.Dependingonc0,thefunction
N(cp)depictseitherapeakeddistributionaroundthecentral
patchparameter,orhalfaGaussianlawdecreasingfromits
maximumat cp¼0 whenc0¼0orevenadecreasing
Gaussiantailwithanonzeroinitialslopeifc0<0.Aftersum-
mationofallthecurrentsdependentonanypositivevalueof
cpfromzerotoinfinite,thisprocedurefurtherallowstoderive
thefollowingexpressionwhereonlythelastfactorinsidebra-
cescontainstheeffectsofinhomogeneitieswhiletheothers
givetheidealthermioniccurrentdensityofahomogeneous

barrierheightUhomB

Jpatchyz ¼aA T2exp
e0U

hom
B

kBT

 !

exp
e0Vj
kBT

1

(

1þ
2
ffiffiffiffiffiffi
2p
p

kBTDprpg
2=3

9e0U2=3
exp

c20
2r2p

 !

"

1þ

ffiffiffiffiffiffi
2p
p

e0hdU
sad
p;0i

kBT

exp
1

2

e0
kBT
hdUsadp;0i

2
 !#)

; (7)

wherethestandarddeviationhdUsadp;0iofthedistributionof

thesaddlepointsofthebarrierUsadp is

hdUsadp;0i¼rp
U

g

1=3

þ
kBTc0
e0rp

: (8)

Butthecurrentdensitydeviatesnotablyfromtheideal
thermioniclawonlyifthefactorinsidethebracesofEq.(7)
islargerthanunity.Asoneisinterestedinthiscase,area-
sonableapproximationconsistsofneglectingtheunityterms
insidethebraces,sothattheeffectivebarrierheightcanbe
deducedfromtheexponentoftheexponentialfactors,which

turnsouttobe12½
e0
kBT
hdUsadp;0i

2 c20
r2p
insidethebracesof

Eq.(7)andlogarithmofthepre-exponentialfactor
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UeffB T;Uð Þ¼UhomB
e0
2kBT

r2p
U

g

2=3

þc0
U

g

1=3
" #

kBT

e0
ln
4pDprpg

2=3

9U2=3
hdUsadp;0i: (9)

ThislastequationissimilartoEq.(5)withthenewquadratic
averagehdUBiofbarrierfluctuations

hdUBi¼r
2
p

U

g

2=3

þ
2kBT

e0
c0
U

g

1=3
" #1=2

(10)

andanadditionaltermwhichhasalittleinfluenceduetothe
logarithmandanullvalueforDpinthe10

10cm2range,but
maygiveanonnegligiblecontributiontotheidealityfactor
appearinginnextformulawhenthebarrierinhomogeneity
levelislow.ButthemainissueisthedependenceofhdUBi
ontemperaturewhichisdifferentfromthatgivenbyEq.(5)
andresultsinashiftofthehightemperatureasymptoteof
theeffectivebarrierincomparisonwithUhomB byaquantity
proportionaltoc0,leadingtoanapparentextrapolatedbarrier
UappB ¼U

hom
B c0ð

U
gÞ
1=3.

FromEqs.(6),(8),and(9),theidealityfactorcanbecal-
culatedas

nT;Uð Þ 1

nT;Uð Þ
¼

e0
3kBTU

r2p
U

g

2=3

þ
kBT

e0
c0
U

g

1=3
" #

kU
kBT

e0U

¼
e0

3kBTU
hdUBi

2 c0
3g1=3U2=3

kU
kBT

e0U
;

(11)

wherekUisbetween1/3and2/3accordingtotherespective
dominanceofeitherthefirstorthesecondterminhdUBi.
Thisidealityfactorincreaseswithdecreasingbandbending
andthereforewithincreasingappliedvoltageaslongasflat
bandsarenotreached,sothatcurrent-voltagecharacteristics
plottedinasemilogarithmicdiagramexperienceadown-
wardscurvature,asinFigs.2(a)and2(b).Thismodelceases
tobevalidforneatflatbandsandbeyondbecausethecurrent
calculationreliesonlyonthecarrierflowatthesaddlepoints
ofthepotentialbarrier,neglectingtheareaswherethebarrier
isUhomB orhigher.Itmustbealsostressedthattheseideality
factorandeffectivebarrierheightmustbeevaluatedaround
thesamebandbendingU¼Ubifcomparisonatdifferent
temperaturesorindifferentdiodesismade.Thisisoften
donebyassessingthecorrespondingidealityfactornbatthe
samecurrentdensity,althoughsucharuleisalmosttrue
onlyatvanishingbandbending.Itisimportanttonoticethat
variousbehaviorsoftheidealityfactorasafunctionoftem-
peraturecanresultfromEq.(11),withatrendtowardacon-
stantvalue whenthesecondterminsidethebrackets
dominatesatelevatedtemperaturesasonecanseeinFig.
3(b0),thelastterminEq.(11)beingnegligibleexceptnear
flatbandsandforidealityfactorsbelow1.1.Eitherneglect-
ingthelastterminEq.(9)orlumpingitintoUhomB ,arelation-
shipbetweentheeffectivebarrierheightandidealityfactor

nbatthesamebandbendingUbforallthediodesinvesti-
gatedatagiventemperatureamongasetofdiodes,comes
fromEqs.(9),(10),and(11)

UeffB UhomB
3Ub
2

nb 1

nb

c0
2

Ub
g

1=3

kU
kBT

e0Ub
:(12)

Therefore,thedifferencebetweentheeffectivebarrierheight

UeffB andaquantityshiftedfromthehomogeneousbarrier

UhomB mainlybyatermproportionaltothecentralpatchpa-
rameterc0,followsalinearrelationshipregardingtheideal-
ityfunction(nb 1)/nb.Itdoesnotdependonthestandard
deviationrpofthepatchdistribution,exceptforthelastterm
includingthefactorkUwhichisroughlyconstantforagiven
patchdistribution.Atconstanttemperature,thislasttermis

indistinguishablefromUhomB andaddsaminorerrortoit.
Conversely,thetermproportionaltoc0maycontributetoan
importantshiftoftheapparentextrapolatedbarrieratunity

idealityfactorincomparisontoUhomB ,sincethisapparentbar-

rierturnsouttobeUappB ¼U
hom
B

c0
2ð
U
gÞ
1=3andthiscorrec-

tionmightnotbeignoredingeneral.Itcanalsointroduce
somedispersionofthedatawhenafamilyofdiodesisstud-

ied.TheeffectivebarrierheightUeffB isapproximatelylinear
withnbonlyfortypicalvaluessmallerthan1.4likenoticed
inRef.24sothatitisbettertomakeplotsoftheapparent
barriersasafunctionof(nb 1)/nbforsakeofgenerality,as
doneinFig.8,whichwillbecommentedinSubsectionIVF.
However,itmustbestressedthatalltheexpressionsderived
fortheeffectivebarrierheightandidealityfactorwithinthe
frameworkofthepresentmodel,whichareEqs.(9)–(12),
assumedthatthefactorinsidethebracesofEq.(7)islargely
greaterthanone.Suchaconditionimpliesthatthepatchden-
sityDpmustbetypicallymuchlargerthan10

7cm2,sothat
onehastowonderwhetherthevaluededucedfromadjust-
mentshasreallyaphysicalmeaningineachsituation.

FIG.8.Effectivebarrierheightasafunctionof(nb 1)/nb,wherenbisthe
idealityfactoratbandbendingUbfor95diodesfabricatedonthreedistinct
diamondstackselaboratedlikedescribedinSectionII,respectively,identi-
fiedbysquares(I),pentagons(II),andcircles(III).SamplesIandIIhave
notbeenintentionallyannealedwhilesampleIIIhasbeenannealedat
350C.DashedlinesarebestlinearfitsofgroupeddataIA,IB,IIA,IIB,and
IIIaccordingtoEq.(12).
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Inonediodealone,thefingerprintofthekindofbarrier
inhomogeneitiesbreaksoutinthebehaviorsoftheideality
factorandtoasmallerextentoftheeffectivebarrierheightas
afunctionoftemperature,asshowninFig.4,whereevolu-
tionsoftheidealityfactoraremarkedlydifferentforthethree
interfacesinFigs.4(a0)–4(c0).Allthesefeaturescanberepro-
ducedbythelawsdemonstratedabove,especiallytheideality
factorvariationswithtemperaturewhicharestronglyinflu-
encedbythecentralpatchparameterc0inEq.(11).Inthe
case(a),agoodagreementwithEq.(11)canbeobtainedas
depictedbythedashed-dottedcurveinFig.4(a0)atthe
expenseofanegativecentralpatchparameterwhichwould
induceanapparentbarrierUappB largerthanthehomogeneous
oneUhomB ,obviouslyleadingtoanincoherentphysicalsitua-
tion.Moreover,thedirectadjustmentofthecurrentdensity
accordingtoEq.(7)turnsouttobeimpossiblebecausethis
expressionisunabletoaccountforthecurvatureofthecurrent
density-voltagecharacteristic(a)inFig.2belowtheflatband
voltage.Analternativemodelabletoinvolveamoreappropri-
atephysicalpictureisdiscussedbelowforinterfacesofkind
(a).Datacollectedin95diodespreparedonthreedistinctdia-
mondstacks,whichunderwentthesamepre-treatmentbefore
metaldepositionanddisplayedinFig.8,giveafirstindica-
tion:ifsodifferentgroupsofdataarepossiblefordiodes
whosediameteris100lm,speciallytheIBagainstIAand
IIA,relatedtointerfacesofkind(a),barrierheightsextrapo-
latedatunityidealityfactorandaveragedonsuchareamust
bedifferent.Consequently,thelateralscaleofbarrierinhomo-
geneitiesmaynolongerbetheDebyelengthbutmuchmore,
andtheapproximationsofaparabolicpotentialatthebottom
oftheloweredbarrierpatchesdepictedbythepatchparameter
cpwouldceasetobevalid.Second,strongvariationsofthe
idealityfactorwithtemperatureasinFig.4(a0)suggestthatdi-
amondresistivitymayplayarolebecauseacceptorsarepro-
gressivelyionizinginthistemperaturerange.

E.Barrierdomainswithmultiplesizesand
inhomogeneitiesofthecurrentdensity

Whenthelateralsizeofbarrierinhomogeneitieslargely
exceedstheDebyelength,thepreviousmodelrelyingona
parabolicpotentialatthebottomofthepatcheswithalow-
eredbarrierisnolongerrelevant.Thesedifferentareaswith
distinctbarrierheightcanbetreatedasindependentofthe
bandcurvaturebecausethepinch-offofthechannelswhere
thecurrentflowsbecomesnegligible.Then,thetotalcurrent
issimplyobtainedbysummationofallthecurrentsasina
parallelcircuitofthecorrespondingpaths.Butsuchamodel
isunabletofitthedownwardcurvatureexperiencedbythe
logarithmofthecurrentdensityasafunctionofvoltagein
interfacesofkind(a)andyieldsmerelyanidealbehavioras
soonasthelowestbarrierisshiftedbelowtheothersby
somekBT/e0becausethecorrespondingcurrentflowdomi-
natestheothers.Infact,thiscurrentinhomogeneitydueto
carriercrowdingatthesaddlepointsandlowestbarrier
domainsremainswhenthezcoordinatemoveawayfromthe
interfaceandthereforehaveadramaticinfluenceonthetotal
voltageappliedtothejunctionforagivencurrent,specially
whencarrierfreeze-inoccurs,inducinglargevariationsof

theidealityfactorwithtemperature.Thiseffectisrelevant
bothforbarrierdomainsmuchlargerthantheDebyelength
wherenopinch-offoccursandforpinched-offpatches,and
thevoltagedropsintheseshrunkchannelsmustbesub-
tractedfromthetotalappliedvoltage.Inthepinched-off
case,thediameterofpatchesisalwaysmuchsmallerthan
thelightlydopedlayerthicknesstlsothatthespreadingre-

sistancecanbeapproximatedby qðTÞ

4
ffiffiffiffiffiffiffiffiffiffiffi
Apo
eff;i
=p

p withagoodaccu-

racy,46 q(T)beingtheresistivityofthelightlydoped
diamondlayer.Therefore,thenonpinched-offandpinched-
offforwardcurrentswhichflow,respectively,throughindi-

vidualareasAiandA
po
eff;iunderanappliedvoltageVacanbe

derivedfromthegenericthermoioniclawbutwithband
bendingequaltothehomogenouspotentialbarrierminusthe
relevantbarrierloweringandappliedvoltageVafromwhich
theohmicvoltagedropalongeithernonpinched-offor
pinched-offchannelsinsidethedepletionzoneissubtracted

Inonpoi ¼AiaA T2exp
h e0
kBT

UhomB DU Va

þInonpoi qTðÞ=kiÞ
i
; (13a)

Ipoi ¼Apoeff;iaA T2exp

"
e0
kBT

UhomB cp
Ui
g

1=3

Vaþ
qTðÞ

4
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Apoeff;i=p
q Ipoi

#

ð13bÞ

withApoeff;i¼
4pkBTcp
9e0

g
Ui

2=3
andUi¼U

hom
B cp

Ui
g

1=3
Va

Vdopþ
qðTÞ

4
ffiffiffiffiffiffiffiffiffiffiffi
Apo
eff;i
=p

p Ipoi ;thelowestbarrierspreadingoverthe

areasAiwithsizemuchlargerthantheDebyelengthbeing

UhomB DU.Ifthecurrentinhomogeneityremainsthesame
alongthe wholedepthofthelightlydopedlayerlike
assumedinRef.31thevoltagedropalongtheithnon
pinched-offchannelissimplyproportionaltoaresistance
q(T)/kiwhereki¼Ai=tl.Thishypothesisistrueinthelimit
ofadiameteroftheareawithaloweredbarrierheightwell

largerthantl,aconditionequivalentto
ffiffiffiffiffiffiffiffiffiffiffi
Ai=p
p

tl=2.But

becausethisdiametercanspanalargerange,fromvalues
wellbelowtluptomuchwiderones,thecorresponding
spreadingresistance shouldtakethe generalform46

qðTÞ

2
ffiffiffiffiffiffi
pAi
p arctanð2tl=

ffiffiffiffiffiffiffiffiffiffiffi
Ai=p

p
Þandkishouldbecome2

ffiffiffiffiffiffiffiffi
pAi
p

=

arctanð2tl=
ffiffiffiffiffiffiffiffiffiffiffi
Ai=p

p
Þ.Itmustbenoticedthatthelasttermin

theexponentoftheexpressionofIpoi andinUiisaddedto

UhomB andthereforeplaysthesameroleasanegativecentral
patchparameterc0intheeffectivebarrierexperiencedbythe
wholecurrentflowingthroughthepinched-offpatchesand
giveninEq.(9).Thisfactexplainswhyneglectingthecon-
finementofcurrentinchannelswhichstretchoutalongsome
partofthelightlydopedlayerthicknesshadtobecompen-
satedbytheoccurrenceofanegativefigureforc0inthesimu-
lationresultsofSubsectionIVD,leadingtoanincorrectvalue
becauseofaninappropriatemodelappliedtointerfacesof
kind(a).Suchafictitiousnegativefigureforc0wasnecessary

204505-13 Muretetal. J.Appl.Phys.118,204505(2015)

 [This article is copyrighted as indicated in the article. Reuse of AIP content is subject to the terms at: http://scitation.aip.org/termsconditions. Downloaded to ] IP:

147.173.65.252 On: Tue, 01 Dec 2015 13:30:42



toobtainanacceptable,butmisleading,agreementoftheex-
perimentaldatawiththemodeldevelopedinSubsectionIVD

sincefirst,theresultingUappB valuelargerthanUhomB would
contradictthehypothesis whichassumedloweredbarrier
patchesandsecond,thesamemodelwasunabletomatchthe
curvatureofthecurrent-voltagecharacteristics.
AveragingallthecurrentsoverthewholediodeareaAd

isnottractableanalytically.Areasonableapproximation
consistsofcalculatingseparatelythetotalcurrentandan
estimateofthewholeconductancewithintheshrunkchan-
nelsfromtheintegrationofalltheparallelconductances

ki=qðTÞor4
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Apoeff;i=p

q
=qðTÞappearinginthelasttermof

theexponentofeachexpression(13a)or(13b),weightedby

thedistributionNðcpÞ¼
Dpffiffiffiffi
2p
p
rp
expð

ðcp c0Þ
2

2r2p
Þinthelater

case.Itisalsoassumedlikepreviouslythatonlythelowest
barrierforthecurrentflowisefficientandthatthebarrier
loweringisapproximatedbyitsquadraticaverage.For
nonpinched-offchannels,thetotalconductancewouldresult
fromtheintegralofki/q(T)weightedbyanunknowndistri-
bution,sothatitismoreconvenienttointroduceafictitious

areaAnonpoDV allowingtowritethecorrespondingvoltage

dropDVnonpo.Inthecaseofthepinched-offcurrents,two
integralsmustbeevaluatednumericallyasafunctionof

c0=ð
ffiffiffi
2
p
rpÞ.Theirratioappearsasafractioninthenextfor-

mulaandgivestheexactvaluewithinanerrorsmallerthan
10%. WithAnonpo¼

P
iAirepresentingthetrueareaof

thenonpinched-offzones,theaveragecurrentdensitiesin
thewholediodeareabecome,respectively,forthenon
pinched-offandpinched-offchannels

Jnonpoz

Anonpo

Ad
aA T2exp

e0
kBT

UhomB DU VaþDV
nonpo

(14a)

with

DVnonpo
qTðÞAnonpo

AnonpoDV
1=2
aA T2exp

e0
kBT

UhomB DU VaþDV
nonpo

(14b)

andJpo¼Jpatchyz fromEq.(7), withVj¼Va DVpo

where

DVpo
p

6
qTðÞ

kBT

e0

1=2 g

U

1=31:77c0þr
2
p=c0þ

ffiffiffi
2
p
rp

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
pc0þ

ffiffiffi
2
p
rp=3

q

aA T2exp
e0
kBT

UhomB
e0
2kBT

hdUBi
2

VaþDV
po (14c)

and

U UhomB
e0
2kBT

hdUBi
2 Va Vdop: (14d)

ItmustbenoticedthatthepatchdensityDpdoesnotappear
inDVpobecauseboththeconductanceandcurrentarepro-
portionaltoit,sothatitiscanceledintheframeworkofthe
previousapproximation.Fromtheseexpressions,itiseasyto
guessthatthelowerthetemperature,thehighertheeffectof
thesmallest barrier,likeinprevious models.Ifthe
nonpinched-offcurrentdominates,theapparentbarrierlow-

eringwouldbeDU kBT
e0
lnAd=A

nonpo,inducingalinear

decreaseoftheeffectivebarrierastemperatureislowered,
whereasalternativelyEq.(9)wouldbevalid,atleastwhen
DVremainssmallregardingVa.Atsufficientlyhightempera-
ture,theincreaseintheeffectivebarrierwouldbelinearwith
temperaturewhenthenonpinch-offcurrentdominates,an
effectwhichisnotclearlydetectedinFig.4(a),indicating
thatthepinch-offcurrentmightstayasthemajorone.Sucha
viewisconfirmedbytheabsenceofany“S-shaped”current-
voltagecharacteristicinFig.2(a),whichotherwisewould
revealtheexistenceoftwoparallelnonpinched-offchannels
likehappeninginsomeTi/4H-SiCdiodes,47eachoftheones
havingitsownbarrierheightandseriesresistancewiththe

correspondingcondition
ffiffiffiffiffiffiffiffiffiffiffi
Ai=p

p
tl=2indeedachieved.

FromexperimentaldatadisplayedinFig.8,itseems
thatthegeneraltrendinvolvingalinearrelationshipbetween
effectivebarrierheightandidealityfunctionisstillvalid.
Suchapropertycanbecheckedfromtheintegrationofthe
centralexpressioninEq.(6)wherethetotalappliedvoltage
VareplacesthejunctionvoltageVjsincethecurrentdensity
isnowdependentonVaifonereliesonthelastexpressions
(14).Itresultsinalinearrelationshipbetweentheeffective
barrierandidealityfactorfunctioniftheidealityfactordoes
notdependonthebandbendingUb.Suchaconditionisonly
approximatelyachieved,butbetterandbetterwhenhigher
andhigherbandbendingisused,likethosededucedfrom
thesedataandreportedinTableIII,becausethevoltagedrop
DVremainsnegligibleinthisrange.Itisthereforepossible
tofindarangeofvoltageandcorrespondingbandbending
extendingoveranintervalUb/K(Kbeingaunitlessconstant)
wheretheidealityfactorisconstantaroundUbandintegra-
tionofthesecondandfourthmembersofEq.(6)givesthe
apparentbarrierheightinnonidealinterfaces

UappB T;Ubð Þ¼UidealB

Ub
K

nT;Ubð Þ 1

nT;Ubð Þ
; (15)

wheren(T,Ub)istheidealityfactorattemperatureT,around
thepeculiarbandbendingUb.U

ideal
B isthebarrierheightat

unityidealityfactor, which matchesaccurately UhomB
c0
2ð
U
gÞ
1=3forpurepinched-offbarrierinhomogeneitiesas

demonstratedinSubsectionIVDinformula(12)wherethe
lasttermcanbeneglected,andisonlyclosetoUhomB without
apreciseknowledgeofthedeviationinothercases.
Therefore,theobservedlinearcorrelationsinFig.8canstill
bejustified.Whenthevoltagedropinsidethelightlydoped
layerisnotnegligible,approximateexpressionsofthe
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idealityfunctionYcanbedrawnseparatelyfromthe
previousequationswheneitherInonpo¼AdJ

nonpo
z or

Ipo¼AdJ
po
z dominates,whichturnsouttobe,respec-

tively,witheithertheidealityfactorna(T,Va)underapplied
voltageVaortheidealityfactornb(T,Va)

Ynonpo¼
naT;Vað Þ 1

naT;Vað Þ

e0
kBT
DVnonpo or

Ypo¼
nbT;Vað Þ 1

nbT;Vað Þ
(16a)

e0
3kBTU

r2p
U

g

2=3

þ
c0
3U

U

g

1=3
" #

1þ
e0
kBT
DVpo þ

e0
kBT
DVpo: (16b)

When theidealityfactorhastobestudiedasafunctionof
temperature,measurementsshouldbedoneatconstantcur-
rentdensity,becauseinsuchacasetheproductofaA**T2

andexponentialfactorsinEq.(16a)andintermsDVpoof
Eq.(16b)canbeconsideredasalmostinvariant,makingany
parameteradjustment mucheasier.Ineachcase,these
expressionsshowthattheidealityfactormaybecomevery
sensitivetotemperature,especiallybecauseitfollowsthe
variationsoftheresistivityq(T)whichareveryimportantin
therangewherefreezingoutofcarrieroccurs,typicallyfrom
300Kto550Kinthisstudy.Involvementofthevoltage
dropduetotheflowofcurrentthroughthenarrowbottle-
necks,whichlengthentheloweredbarrierregionsinwards
thelightlydopedlayer,isabletoexplainqualitativelythe
strongnegativeslopeoftheidealityfactorinFig.4(a0).The
generalcasereliesonthecombinationofthetwokindsof
currentwithaproportionP¼Ipo=ðIpoþInonpoÞandon
Eq.(6),givingtheglobalidealityfunction:

Y¼
nT;Vað Þ 1

nT;Vað Þ
¼PYpoþ 1 Pð ÞYnonpo: (17)

Thebestmatchtothefourdataathighesttemperaturesis
obtainedwithP¼72%andplottedasafullcurveinFig.
4(a0),confirmingtheprevioushypothesisaboutthedomi-
nanceofthepinched-offcurrent.Thediscrepancyatthelow-
esttemperaturesiscommentedinthefollowing.Butitmust
bestressedthatthefirstterminEq.(17)isunabletoaccount
fortheidealityfactorvariations,whicharemainlyduetothe
secondtermdespiteitssmallerweight.Itisthusconfirmed
thatthenonpinched-offcurrentscontributionisnecessaryto

explainboththecurrentdensity-voltagecurvatureandthe
idealityfunctionshapewithtemperatureininterfacesofkind
(a).ThemoreimportantvoltagedropDVnonpointhese
interfacesisalsoabletoexplainwhyflatbandsarereached
atalowercurrentdensity(seeFig.2)incomparisontointer-
facesofkinds(b)and(c)inwhichthepatchandchannel
densitiesaresohigh(seeTableII)thatthevoltagedrop
remainsnegligibleinthisbiasrange.
Atsufficientlyhighforwardbias,bandcurvaturecanbe

invertedinsomeareasoreveninthewholediode,asthe
readerscanunderstandfromthecomparisonofUhomB (in
TableII)minusVdop¼0.38VtotheappliedvoltageinFig.
2,sothatthepreviousexpressionscannolongerbeused.In
otherwords,energybandsbendupwardneartheinterface
whentheflatbandvoltageisexceeded.FromEq.(10),bar-
rierloweringvanishesatflatbandsforIpowhileitstays
constantforInon–p–oandonecanthinkthattheeffectivebar-
rierheightremainsmoreorlessatthevalueobtainedatflat
bandsbeyondthisthreshold.Butpreviousmodelswhichrely
onlyonbarrierloweringareunabletotakeintoaccountthe
progressivedisappearanceofcurrentinhomogeneitiesinthe
lightlydopedlayerduetothegeneralincreaseofthecarrier
concentrationatthewholeinterface.Suchabehaviorwould
finallyleadtoamorehomogeneouscurrentdensityanda
voltagedropwithinthelightlydopedlayerexpectedtobe
simplytheproductofaseriesresistanceandtotalcurrent.
Buteventhisviewfailsbecausevoltagedropturnsouttobe
lowerinFig.2asiftheresistivityweresmallerthanthepre-
dictedone.Thisdiscrepancyisneitheranartifactofthe
adjustmentprocedurenoraself-heatingeffectwhichwould
hardlybejustifiedbecauseofthelowdissipatedpower(typi-
callyonetosometensofmWintherangeofinterest),butis
ratherduetotheinjectionofcarrierbytheheavilydoped
layer,involvingaconductivity modulationduetothe
increaseofcarrierconcentrationabovetheequilibriumone
andoccurrenceofadiffusioncurrentstartingfromthisheav-
ilydopedlayer.Thiseffectisevidencedfromthecompari-
sonofthecurrent-densitydataandcurvessimulatedwitha
constantseriesresistanceinFig.2anditcanalsobechecked
becauseofthelowervalueofthecurrent-densityvoltagede-
rivativecomparedtothetheoreticalspecificresistance(not
shown)atsufficientlyhighcurrent.Adetailedstudyrelying
bothonexperimentandsimulationispublishedelsewhere48

anddemonstratesthattheinjectioneffectismoreandmore
importantasthetemperatureisloweredbelowthefreezeout
ofcarriersandtheactivelayerthicknessissmallerthan
2lm,twoconditionswhicharefulfilledhere.Ithadbeen

TABLEII.ParametersoftheSchottkybarrierinthethreeinterfacesaccordingtothemodelsdetailedinSectionIV,withUappB;1andrpdeducedfromtheadjust-

mentofbarrierheightasafunctionoftemperatureaccordingtoEq.(9).Then,c0,andU
hom
B;1arederivedfromidealityfactorsfittedasafunctionoftemperature

withrespectivehelpofEq.(11)inthecaseofinterfaces(b)and(c),andEq.(16b)forinterfaceofkind(a),whileDpandU
hom
B;2comefromthedirectadjustment

ofthecurrentdensitiesshowninFig.(2),respectively,toEq.(7)forinterfacesofkind(b)and(c)andEq.(14)forinterfaceofkind(a)asafunctionof
voltage.

Sampletypeandannealingtemp.(C) UappB (V) rp(V
1=3cm2=3) c0(V

1=3cm2=3) UhomB;1(V) Dp(cm
2) UhomB;2(V)

(a)<300 2.0460.14 (963) 105 (1.660.4) 104 2.2660.16 (361) 106 2.3860.02

(b)350 1.6860.1 (9.061) 105 (1.8560.3) 104 1.8760.1 (662) 109 1.9060.02

(c)450 0.9360.04 (5.561.5) 105 (1.361.2) 105 0.9460.04 <109 0.9960.01
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probablyobservedbyotherauthorsin Ni/SiCdiodes,32

althoughtheydidnotgivesuchaninterpretation.Thiscarrier
injectionwhichdecreasestheresistivityisstillefficientat
lowercurrentdensity,sothattheholeconcentrationatinter-
faceisunderestimatedevenatthebiasvoltagewhereideality
factorsaremeasured,atleastwhencompleteionizationof
acceptorsisnotachieved.Correlatively,theeffectiveresis-
tivityisoverestimatedwhenitsequilibriumvalueistaken
intoaccountasdoneinthepresentcalculation,increasing
thoughtlesslythesimulatedvoltagedropandidealityfactor
inFig.4(a0)atthetwolowesttemperatures.Thisinjection
effectprobablyoccursbecausethelightlydopedlayeris
only1.4lmthickandwoulddisappearforthelargerthick-
nessessuitedtohighervoltageoperation.Inanycases,it
mustbenoticedthatallthepreviousmodelsdiscussedand
builtinthisworkareapplicabletoarangeofbiasvoltages
andcurrentslimitedbytheoccurrenceofflatbandsinthe
junctionbutthathighinjectioneffectsmaybepresentnear
flatbandsandbeyond.

F.Characteristicsandoriginofbarrierheight
inhomogeneitiesinthethreetypesofinterface

Thelinearrelationshipbetweentheeffectivebarrier
heightasafunctionoftheidealityfactorfunction(nb 1)/nb
isactuallycheckedfordiodespreparedwiththesameproce-
dureonthreedifferentsubstrateseitherwithoutintentional
post-annealingorannealednear350CinFig.8.Thecorrec-
tionoftheconstantterminEq.(12)isdoneonlyinthecase
ofindisputablerelevanceofthemodelofSubsectionIVD
andasitisnotcertainforinterfacesofkind(a),extrapolated
barrierheightsUappB andU

hom
B willbeconsideredasthesame

inTableIII.Itisnoteworthythatthehomogeneousbarrier
heightUhomB canbedifferentintwofamiliesofdiodes(IA
andIB;IIAandIIB)onthesamediamondstack,whileit
turnsouttobeverysimilarforthetwofamiliesofdiodes(IA
andIIA)belongingtotwodistinctdiamondsamples,whose
theinitialsurfacesarealloxygen-terminated.Suchresults
confirmthatoxygenterminations,whichareresponsiblefor
theenhancedelectronaffinityoftheoxygen-terminateddia-
mondsurfacesandhighestbarrieratinterfacesbuildonsuch
surfaces,areexpectedtobeorganizedindomainsdisplaying
distinctelectronaffinities,21,34–36,38,39resultingindistinct
barrierheights,andthatthesamekindofoxygentermina-
tionscanexistondifferentsamples.Thisdispersionmatches

withthatofthevariousmoleculesandbondspresentedin
SubsectionIVAandprobablyalsothelackoffullcoverage
byoxygenrelatedmolecules.ThelinearrelationshipofEq.
(12)or(15)seemstoapplyirrespectiveofthescaleofthe
barrierinhomogeneitiesincomparisontotheDebyelength
providedidealityfactorismeasuredathighenoughband
bending,typicallytwothirdofthebarrierheight,asjustified
inSubsectionIVE.Butbecausetheinterfaceannealedat
350C (Fig.8(III))isa matteroftheloweredbarrier
pinched-offpatchmodeldetailedinSubsectionIVD,the
correctionwhichgivesthehomogeneousbarrierfromthe
apparentoneisonlyexertedinthiscaseinTableIIIwhere
theparametersarecollectedanddisplayedforallthediodes
families.Itmustbenoticedthatthecoherenceofthevarious
UhomB valuesappearinginTablesIIandIIIisreasonableand
thatanaveragevalueof2.0460.04Vcanbeinferredforthe
interfaceofkind(b),onlyabout0.2–0.5Vbelowthevalues
atstakefortheinterfacesofkind(a).Therelevanceofthe
modelrelyingforinterfacesofkind(b)onloweredbarrier
patcheswithsizescomparableorsmallerthantheDebye
lengthanddepictedbyapatchparameterdistributioncen-
teredonapeculiarvaluec0>0,withamuchhigherpatch
densitythanforunannealedinterfaces,demonstratesthatthe
mainbarrierinhomogeneitiestakeplacenowalongthismi-
croscopicscale,incontrasttowhathappenedinunannealed
interfaces.Onemustremindthatthepatchparameterscp,rp
andc0dependsontheonethirdpoweroftheproductofthe
squareradiusR0andinitialbarrierloweringDpsothatsimi-
larvaluesofthetwolastquantitieswillnotinvolvenecessar-
ilythesameR0andDp, whichcan moveinopposite
directions.FromresultsgiveninTableII,suchstatements
suggestthatthe350Cannealresultedinthepartialandran-
domcancellationofthedipolesO

0

Cþ
0

whosestability
ismainlygovernedbytheenthalpyofthethermodynamical
chemistryofthesespeciesandtemperature,leavingtheinter-
faceinanintermediatestateandinducingnewbarrierlower-
ing witha magnitudeequaltothedifferenceofthe
homogeneouspotentialbarrierininterfacesofkinds(b)and
(c),i.e.,Dp 1.1Vatamicroscopicscale,andincreasing
considerablythepatchdensity.Onthecontrary,theinitial
inhomogeneitiesinunannealedinterfacesofkind(a)likely
resultedfromtheoxygenterminationsdispersionoverareas
withlargersizebutsmallerbarrierloweringand much
lighterdensity,withtypicalDp 0.3V,similartothediffer-
enceinpotentialbarriersreportedforvariousinterfacesof
type(a)inTableIII.Tocomplywiththesimilarityofrpand
c0forinterfacesofkinds(a)and(b)inTableII,patchesarea
hastobedecreasedbyafactorofnearlyfourwhengoing
fromcase(a)tocase(b),leadingtoaverygoodrelevanceof
themodeldevelopedinSubsectionIVD.Inthecaseofinter-
facesofkind(c)annealedat450C,thesedipoleshavecom-
pletelydisappeared,involvingabarrierheightaslowas
0.9660.04V(averagefromTableII)andverylowbarrier
fluctuations,asindicatedbyacentralpatchparameterc0one
decadesmallerthanthatofothercases,whichinducedan
almostidealbehaviorofthecurrent-voltagecharacteristics.
Inthislastcase,residualbarrierinhomogeneitiescouldbe
duetotherandominfluenceoftheionizedacceptorsclose
enoughtotheinterface,asitcanbeevidencedaccordingto

TABLEIII.Schottkybarriersextrapolatedatunityidealityfactoratband
bendingUbindifferentsetsofdiodesfabricatedonthreedistinctdiamond

stacksnumberedI,II,andIII,accordingtobestfitsofEq.(12)andUhomB af-
terthec0correctionfortheinterfaceofkind(b).

Interfacetype,
sampleanddiodes
setidentifiers UappB (V) Ub(V)

UhomB (V)
correctedforc0

(a)IA 2.2760.12 1.0560.28

(a)IB 2.5460.14 1.3060.24

(a)IIA 2.2160.04 0.9760.04

(a)IIB 1.6160.06

(b)III 1.9460.04 0.7360.08 2.0460.04

204505-16 Muretetal. J.Appl.Phys.118,204505(2015)

 [This article is copyrighted as indicated in the article. Reuse of AIP content is subject to the terms at: http://scitation.aip.org/termsconditions. Downloaded to ] IP:

147.173.65.252 On: Tue, 01 Dec 2015 13:30:42



themodelsketchedinFig.6(d)andinvokedinSubsection
IVC,butthecalculationwillnotbedevelopedfurtherand
thereaderinterestedinthisquestionisinvitedtoreferto
Ref.20andreferencestherein.Anotherresidualsourceof
barrierinhomogeneitiesliesinthepossiblefluctuationsof
theoxidethickness,becauseofthelinkbetweenthesetwo
quantitiesasdiscussedinSec.V.Regardless,indications
derivedfrommodelingtheelectricalpropertiesofthejunc-
tionsmatchverywelltheconclusionsoftheHRTEMand
EELSstudiesdevelopedinSectionII,whichshowedthe
sharpeningoftheinterfacialoxidelayerafterannealingand
ledtotheveryprobablehypothesisofachemicalmechanism
involvingbondstrengtheningbetweenthefirstoxygenlayer
andthelastcarbonone.Themainconsequenceofthisbond
transformationshowsthroughtheverylargechangeoccur-
ringintheaveragedbarrierheightsofinterfaces(a)and(c),
withadifferencenear1.4V,resultingfromthepartialor
completecancellationofthedipolesO

0

Cþ
0

andalso
otherdipolechangesasdiscussedinSectionV.Thecaseof
thediodessetIIBinFig.8doesnotcomplywithanyprevi-
ousmodels,afactwhichsuggeststhatthemainpartofthe
currentinthesediodesisnotgovernedbyanexponentiallaw
dependingontheappliedvoltage,whichwasacommonhy-
pothesisofallthepreviouscalculations.Therefore,leakage
currentslikethosewhichmightoccurinthreadingdisloca-
tionsordefectsappearingasdarkspotsincathodolumines-
cenceimages28 could beresponsiblefora behavior
characterizedbyratherhigheridealityfactorsandconstant
apparentbarrierheightinFig.8(IIB).Finally,homogeneous
barrierheightsUhomB;2appearinginTableIIcanbeconsidered
asthemostrepresentativeofthephysicalsituationofeach
interface,exceptthatunannealedinterfacesoftype(a)may
experiencetwoorthreedifferentvalueslikementionedin
TableIII,thelowestbeingabout0.2Vbelowthatindicated
inTableIIforahomogeneoussetofdiodes.Thislocalbar-
rierlowering mayagreethequantityDU invokedin
SubsectionIVEoverareaswithlateralsizelargerthanthe
Debyelengthtobuildthelastelectricalmodelrelyingonthe
nonpinched-offchannels.Itcanbeconcludedthat,despite
some minorimperfectagreementsbetweenexperimental
dataandmodelsofinhomogeneousbarriersdetailedinthis
sectionandtheirlimitationstothedepletionregimeof
Schottkyjunctions,moreinformationanddeeperphysical
insightintothesituationofthesemetal-diamondinterfaces
havebeengainedandcanbereinvestedinbarrierheight
modelsdiscussedinSec.V.Themostimportantquantity
whichcanbeextractedfromtheanalysisofelectricalcharac-
teristicsofSchottkydiodesisobviouslythetruepotential
barrierheightataninterfacefreeofinhomogeneitiesandit
hasbeendefinedatthebeginningofthisstudyasUhomB .Itis
alwaysunderestimatedifthebarrierheightismeasuredfrom
theslopeofaRichardsonplotandarelevantvalueUhomB
needstobededucedeitherfromadjustmentofthemeasured
barrierheightasafunctionoftemperature,orfromthedirect
adjustmentofthecurrent-voltagedensitywiththeappropri-
atemodelchosenamongthosedescribedinthissection,or
fromthestatisticsofbarrierheightsasafunctionofideality
factorsinasetofdiodes,orpreferablyfromseveral
methods.

V.BARRIERHEIGHTMODELSAT
METAL-OXYGENATEDDIAMONDINTERFACES

Thebarrierheightsissueatmetal-diamondinterfaces
belongstothelongtimedebatedtopicofhowtheFermi
levelpositionisdeterminedatsemiconductorsurfacesand
interfaces,discussedasearlyasinthe1930sbySirNevill
Mott49concerningtherectificationtheoryandby Walter
Schottky.50Becausethisfirstmodel,whichstatedthelinear
dependenceofthebarrierheightuponthemetalworkfunc-
tionwithaunityslope,didnotcomplywiththehugeamount
ofdatagatheredsinceitspublication,otherexplanations
havebeenproposedtojustifytheweakerdependenceexperi-
mentallyobserved,knownasFermilevelpinning.Newbar-
rierheight modelshavebeenprogressivelyintroduced
withintheframeworkofthe“metalinducedgapstates”prin-
ciple51 oritsgeneralizationto“interfaceinducedgap
states”24inordertolinkbandalignmentandeitherthework
functionorelectronegativityofthemetalatthebroadestpos-
siblepanelofmetal-semiconductorinterfaces.Allrelyon
theexistenceofaninterfacestatedensitylocalizedinthe
firstelementarycellsofthesemiconductorwhichisneutral
whentheFermilevelcoincideswithanenergylevelU0char-
acteristicofthesemiconductorandreferredastotheneutral
level,definedhereastheenergydifferencebetweensucha
levelandthevalencebandedgeatinterface.Deviations
fromthispositionandfromneutralityoccurifametalhaving
anelectronegativitydifferentfromthatofthesemiconductor
isputinintimatecontactwiththesemiconductorsurface,
assumingthattheinterfacestatesinsidethesemiconductor
remaininvariant.Thislasthypothesisleadstoanegative
feedbackeffectduetothereactionofthechargeinsideinter-
facestatesontothevoltagejumpduetothedoublelayerof
thearealdipoleastridetheinterface,whichinducesalinear
relationshipbetweenthebarrierheightandthedifferenceof
the metalandsemiconductorelectronegativitiesXm Xs,
witheitherapositiveslopeSXonan-typesemiconductor,or
anegativeone, SX,onap-typesemiconductorashere

e0U
hom
Bp ¼U0 SXðXm XsÞ; (18a)

where

SX¼
AX

1þ e20=eie0 Disddi
(18b)

withDistheinterfacestatedensityandAXacoefficientwhich
dependsontheelectronegativityscale,equalto0.86ifthe
Miedemascaleisused.24Thistheorywasrathersuccessful
forintimatemetal-semiconductorcontacts,whichhavebeen
betterandbettercontrolledatanatomicscaleforthe1970s,
sometimeswithanepitaxialmetallayer.However,somedis-
persionstillremained,whichwasnotattributabletoexperi-
mentaluncertainties.Thisisespeciallytruefordiamond,
whichhasnotbeenthesubjectofextensivereportssincethe
1990s,exceptedtoevidencethewiderangeofbarrierheights
existingforthesamemetal8andwiththenotableexception
ofthehydrogenatedsurface.16Suchadispersionhasbeen
ascribedtothevariousstructures,terminations,ad-atoms
andnaturesofbondwhichcanexistatthediamondsurfaces

204505-17 Muretetal. J.Appl.Phys.118,204505(2015)

 [This article is copyrighted as indicated in the article. Reuse of AIP content is subject to the terms at: http://scitation.aip.org/termsconditions. Downloaded to ] IP:

147.173.65.252 On: Tue, 01 Dec 2015 13:30:42



andinterfaces,likealreadyinvokedinthecaseofoxygen
termination.Recently,measurementsofbarrierheightshave
beenpublishedatcarefullypreparedoxygenatedandeventu-
allypost-annealeddiamondsurfaces.9,18,52–56Togetherwith
thepresentresultsforZr-diamondinterfaces,idealbarrier
heightsareplottedinFig.9witherrorbarsaddedaccording
totherulesdiscussedinSec.IV:eitheronlyabovethepub-
lishedvaluewhenthemethodunderestimatedtheidealho-
mogeneousbarrier UhomBp orsymmetrical whenUhomBp is
directlyindicatedbyauthorsorreassessedwiththehelpof
anappropriatemethodamongthosediscussedinSec.IV.
Despitesomedispersion,illustratedsometimesinFigs.9and
10withdifferentbarrierheightsreportedforthesamemetal
inliterature,twogroupsofdataappearwellseparated,one
forthecontactsannealedattypicaltemperatureslessthan
250Coras-depositedandanotherforcontactsannealedat
temperaturesintherangeof400–650C,asafunctionofthe
Miedemaelectronegativitydifferencebetween metaland
carbon,thelast one beingleft constant at 5.7eV.
Electronegativitywasoriginallyusedtodescribetheinterac-
tionbetweentwo(ormore)atomsinamoleculeandthere-
afterinsolids.Butitisimpossibleheretodescribethetwo
electronicsituationsregardingbarrierheightsinunannealed
andannealedinterfaceswithonlytwoelectronegativityval-
ues,oneforthemetalandtheotherforoxygenateddiamond,
sincechangesafterannealingoccurredwhileoxygenstill
remainsattheinterfaceasdemonstratedinSectionII.Even
ifthediamondelectronegativity wereshiftedbyabout
1.5eVtotaketheoxygenterminationsintoaccountinthe
unannealedinterfaces,althoughthisisnotaverysensible
operation,thewholesetofdatadoesnotshowclearlyanyin-
disputabletrend,testifyingafirstshortcoming.Asecondone
appearsifthesearchforalinearrelationshipisrestrictedto
thesecondgroupofdata,whichshowsareasonablealign-
mentdepictedbythedashedlineinFig.9,butcharacterized
byapositiveslope,incontradictionwithEq.(18a)andwhat
isexperimentallyfoundforallothercasesincludingthatofa

hydrogenateddiamondsurface.16Thisisthesecondshort-
coming.Incidentally,itisdifficulttobelievethattheenergy
distributionof“interfaceinducedinterfacestates” may
remainthesamewhengoingfromthehydrogenatedthenair-
exposeddiamondsurfacestooxygenatedones,asitiswell
knownthattheformerisprovidedwithadsorbatesandcon-
ductingwhereasthelatterisnot.57Anotherapproach,relying
onphysico-chemicalquantitiesabletoinfluenceinterface
bonding,isnecessary.
Inthelasttwentyyears,scientistsperformedmodifica-

tionsoftheSchottkybarrierheightsbymeansofvariousad-
atomsand/orphysical,chemical,andthermaltreatments
appliedtothesurfacegenerallybefore metaldeposition
exceptforannealing.Theyrealizedthatthesechangesare
dependentonbondingbetweeninterfaceatoms,andthat
chemicalinteractionscannotbeignoredbetweenatomsin
theneighborhoodoftheinterface.Afirstimprovementofthe
theoryhasbeenbroughtbyTungwhoshowedthatpotential
energiesinthesolidsandthroughtheinterfaceweremore
appropriatetodescribebandalignment31insuchasituation.
Thisideaisappliedtodataaddressedpreviouslywhichare
nowplottedinFig.10.Second,thedipolestrengthofthe
variousdoublelayersoccurringatinterfaceistherelevant
quantitytotakethepossibleinterlayeratoms,thedifferent
bonds58andeventhepossiblenewstatesduetotransferdop-
ingonthehydrogenatedsurface16intoaccount.Itislumped
intothelastterminthefollowingcontinuityequationwhich
makesuseofthemetalworkfunction/Mandelectronaffin-
ityofthesemiconductorasfollows:

e0U
hom
Bp ¼ðISCðSÞ /MÞ e0DqdbdNbd=ðeie0Þ; (19a)

FIG.9.IdealbarrierheightsasafunctionoftheMiedamaelectronegativity
differencebetweenmetalandcarbon(assumedtobe5.7eV)foroxygenated
interfacesannealedbelow250C(fullsquares)andforthoseannealedinthe
range400–650C(opensquares),togetherwithalinearfitindashedlinein
thesecondcase.Thedashed-dottedline(H)isthebestfitofbarrierdataon
thehydrogenatedsurfacebyTsugawaetal.16asafunctionofthesameab-
scissa.Multipledataforthesamemetal(AuandMo)comefromdifferent
publications.

FIG.10.Idealbarrierheightsasafunctionofthedifferencebetweenthe
ionizationenergyofdiamondandtheworkfunctionofmetals(multipledata
comefromdifferentpublications)for(i)as-depositedinterfaces(full
squares)onanoxygenated(100)-orientedsurface,(ii)forcontactsannealed
intherange400–650C(opensquares)onthesameinitialsurface,together
withalinearfitindottedline,and(iii)forcontactsonthehydrogenated
(100)-orientedsurface(opencircles)fromRef.16. Multipledataforthe
samemetal(AuandMo)comefromdifferentpublications.Theionization
energyincludestheelectronaffinityshiftduetosurfaceterminations,yield-
ing (i) vþDv(S)¼1.7eV; (ii) vþDv(S)¼0.3eV; and (iii)
vþDv(S)¼ 1.1eV,respectively,fortheoxygenated,bare,andhydrogen-
ated(100)-orientedsurfacesfromRef.33.Thedashed-dottedline(a)dis-
playsEq.(19a)wherethelasttermisignored,thusfeaturingthe Mott-
Schottkyrelationship.
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wherethelasttermisthepotentialenergyjumpduetoasur-
facedipolecomprisingachargeperbondDqonthemetal
sideand Dqonthediamondsideseparatedbythedistance
dbd,withanarealdensityofdipolesNbd,whiletheionization
energygivenby

ISCðSÞ¼EGþvþDvðSÞ (19b)

dependsonthediamondbandgapEG,electronaffinityvof
thebaresurfaceandpossiblechangeinelectronaffinity
Dv(S)duetoforeignatomsterminationorparticularrecon-
structiononeachsurfaceS,thevþDv(S)valueswhichare
retainedbeingindicatedinthecaptionofFig.10.
WhenthelasttermisneglectedinEq.(19a),theMott-

Schottkyrelationshipforcontactsonp-typesemiconductors
isfound,withaunityslope,sketchedbyadashed-dottedline
inFig.10.Ifthedispersionofdataisforgotteninafirst
approachandthecloudsofpointsrelatedtothethreecatego-
riesofinterfaceinthisgrapharereplacedbytheirrespective
barycenters,onecanguessthattheyalignroughlyonthe
Mott-Schottkyline.Thistrendhasbeenalreadyevidencedin
silicidesonthen-typesiliconinterfaces.59Theinfluenceof
thecloudrelatedtothehydrogenatedsurfacesshouldbe
minoredbecausePt,Au,Cu,andAgmetalcontactsaredis-
playedwithzerobarrierheights,althoughtheyshouldbe
negativebutcannotbeactuallymeasuredandreported.More
accurately,ifoneobservesthebarrierheightsofeachmetal
(Pt,Au, Mo,Al,Zr)whosecontactondiamondhasbeen
measuredinthetwogroupsofoxygenatedinterfaces,respec-
tively,beforeandafterannealing,theirdifferenceliesinthe
range1.4060.25eVforallofthem,correspondingtothe
samechangeinelectronaffinity.Thiscommonshiftindi-
catesthatthebarrierheightforagivenmetalisprimarily
controlledbytheelectronaffinityofdiamond,withalittle
influenceofthedipoleduetointerfacebonding,reflectedin
thelasttermofEq.(19a),andtestifiesthedisappearanceof
theoxygenterminationspropertoinitialoxygenatedsurfaces
afterannealing,ortheirtransformation,irrespectiveofthe
presenceofanoxideornot. Asit wasdiscussedin
SubsectionIVA,hydroxylandcarboxylterminationslikely
existbeforeannealingandtheycanparticipatetobridged
hydrogenbondsassuggestedinRef.36,thusallowingadhe-
sionoftheatomiclayersdepositedonthesurfacebysome
kindofweakbonding.Onthecontrary,stronger,andthere-
foreshorterbondsbetweencarbonandatomsofthe
Zirconiumoxideinterlayer,thataremainlyoxygenones,
wouldoccurafterannealing,inclosecorrelationwiththe
shrinkageoftheoxideinterlayerdetectedinSectionII.But
thisstatementdoesnotmeanthat“interfaceinducedgap
states”havebeensuppressedorhaveneverexisted.Theyare
justaccommodatingtheelectricchargewhichguarantees
thatthedipolelayers,bothnecessaryforsettingtheelectron
affinityandthebonddipolecounterpartsonthediamond
side,canbepresent.Now,atamoresubtlelevel,thegeneral
trendineachgroupofcontactsmadeontheoxygenatedsur-
facehasaninvertedslopeincomparisonwiththe Mott-
Schottkyline,asalreadynoticedinFig.9.Thecorrelation
coefficientisbetterinannealedinterfaces,probablybecause
theelectronaffinitydispersionduetovariousoxygen

terminationshasbeensuppressed.Thephysicalreasonfor
thelinearrelationshipdepictedbyadottedlineinFig.10
canbethusdiscussedwithmoreconfidenceintheannealed
interfacesthanintheunannealedonesbecausetheexact
electronaffinityisunknowninthesecondcaseforeach
metalandthereforereplacedbythesinglevaluemeasuredin
vacuumasindicatedinthecaptionofthefigure.First,itis
usefultonoticethatneitherthefirstterminEq.(19a),which
alsoscalestheabscissainthisdiagram,northesecondterm
canaccountfortheobservedtrendifthislattertermissup-
posedtobeproportionaltotheformeronebecausetheslope
wouldbeincreasedaboveonewhentheionizationenergyis
heldconstant.Therefore,oneisforcedtoconcludethathid-
denphysicalparametersabletogovernthissecondterm
mightbeinvolved.Thesearethenatureofthebondsand
interlayer,thechargetransferacrossthem,theirpolarizabil-
ity,andtheinterfacestructurewithaspecialattentiontothe
interlayerthicknessandrelativepermittivity.Inthecaseof
metalslikePt,Ir,andAu,oxideformationisveryunlikely
sincetheenthalpyofformationiseitherpositiveorcloseto
zero,whereasanoxideispresentwhenZr,asshownatthe
beginningofthisstudy,andmostprobablyAl,areused.If
theinterlayerissupposedtobeadielectricconsistingofan
ionicsolid,itsthicknesstoxisaddedtothebondlengthdblso
thatthetotaldipolardistanceisroughlydbd¼toxþdbl.Then
thisdistancedeterminesthestrengthofthelastterminEq.
(19a)sincethechargecounterpartofthedipoleonthemetal
sideisnowlocatedataslightlylargerdistancethantoxfrom
thelastdiamondatomicplaneandifthechargeinsidethe
oxidelayerisneglectedatfirstapproximation. Moreover,
importanteffectsareduetothechargetransferDqwhichis
governedbythenatureofthebonds,electronegativitydiffer-
encebetweenthemetalandsemiconductor,thepolarizability
ofbondsandinterlayerthickness,asdescribedinthebond
polarizationmodelproposedbyTung,31andalsoscreening
whichcanmainlyaccountedforbytherelativepermittivity
occurringatthedenominatorofthelastterminEq.(19a).To
getadeeperinsightintheproblematleastatafirstorder
levelofapproximation,letusdefinetheabscissaWSM¼
ðISCðSÞ /MÞandtakethederivativeofthebarrierheight
e0U

hom
Bp whentheelectronaffinity,andhenceionization

energyareconstant

dðe0U
hom
BpÞ

dWSM
¼1þ

de0DqdbdNbd=eie0ð Þ

d/M
: (20)

Thisslopewouldstayclosetoonewheneverthesecondterm
isnegligiblebutcanbecomenegativeasobservedinFig.10
ifthesecondtermisnegativeanditsabsolutevalueexceeds
unity.Sincethemaintrendoccurringwhenthemetalis
changedtoanotheronewithanincreasedworkfunction
involvesadecreasedreactivitywithoxygenandthereforea
thicknessreductionordisappearanceoftheoxidelayer,one
mustwonderwhataretheresultingeffectsonthesecond
termofEq.(20),evenifacontinuousvariationismoreartifi-
cialthanreality.Thedipolardistancedbdisobviously
decreasedwhiletheinterlayerpermittivityeiinitiallynear
thatofhigh-kdielectricmaterialsisgoingdowncloserto
unity,resultinginasmallerscreeningeffect.Butbecause
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thesestwoparametersarefollowingthesamedirectionof
variationandinfluencethesecondtermbytheirratio,the
resultingsignofthederivativeturnsouttobeuncertain.
Consequently,thefundamentalissuereliesmainlyonthe
chargetransferDqvariation,whichisdependentonthe
effectivebondingatthemetal-semiconductorinterfaces,20,31

includingnotonlyorbitalsofthetwooriginalmaterialsbut
alsoatomsormoleculesbelongingtotheinterlayer.Insuch
amolecularorbitalscheme,metalswiththelowestwork
functions(andalsomoreelectropositive)wouldmakemore
ionicbonds,withapolarizabilitylikelyaugmentedbythe
presenceofadditionaloxygenbondsinsidetheinterlayer,
thusinducingastrongerpositivechargetransferDqinthe
orbitalsofthelastmetalatomiclayer.Conversely,noble
metals(andalsomoreelectronegativeones)areexpectedto
sharetheelectronsoftheirdstatesinamoreequalizedway
withcarbonorbitals,whilecarbideformingmetalswould
followa mediumbehavior.Suchageneraltrendofthe
chargetransferDq,whichwouldexperienceadecreasewhen
themetalworkfunction(andelectronegativity)isincreased,
isabletojustifythesystematicnegativesignofthederiva-
tiveinthesecondmemberofEq.(20).Consequently,the
slopeofbarrierheightsasafunctionofWSM¼ðISCðSÞ
/MÞcantakevaluessmallerthanone,asoftenobservedin
manysemiconductors,andinthecaseofamagnitudeofthe
absolutevalueofthelastterminthesameequationgreater
thanunity,itcanbecomenegativeasshowninFig.10,in
contrasttowhatisknowninallothersemiconductors.Such
amodelcanrelyontheelectronegativitydifferencebetween
thesemiconductorand metal,which mainlygovernsthe
dipolestrengthinducedbyinterfacebonding,butonlyfor
thelastterminEq.(19a),independentoftheinterface
inducedgapstatesatfirstorder.Atasecondorderlevelof
approximation,thebondingnatureofatomsinsidetheoxide
andfixedchargesinitwillbealsoabletobringchangesin
Dqandthesequantitiesprobablycontributetothesmall
deviationsvisibleinFig.10forannealedinterfaces,together
withtheoxideinterlayerthickness,permittivity,andchanges
intheatomsarrangementatinterfaceandinthefirstdia-
mondatomiclayers.Thesamemodelalsoappliesbothto
unannealedoxygenatedinterfacesandhydrogenatedinterfa-
ces,howeverwithlargerfluctuationsincomparisontoalin-
earbehavior,andapositiveslopeinthesecondcase.It
coversthereforeallthesituations,althoughitisdifficultto
affordquantitativeparametersinthesecondtermofEq.
(19a)foreachmetalinanaccurateway.

VI.CONCLUSION

Inthiswork,interfacesofZirconiumwithoxygenated
diamondsurfacesbeforeandaftertwokindsofannealhas
beencharacterized,ontheonehand,byHRTEMimaging
andEELSspectroscopyand,ontheotherhand,bythorough
electrical measurements madeontheSchottkyjunctions.
HRTEMandEELStechniquesevidencedanoxideinterlayer
comprisingapproximatelyoneortwoZroxideatomiclayers,
whichsharpenedafterannealing.Electricalmeasurements
wereperformedtocollectandanalyzecurrent-voltagechar-
acteristicsatseveraltemperaturesinmanydiodesinorderto

investigatethedetailedshapeofthecurrentdensitybehavior
withappliedvoltage,theRichardsonconstant,theapparent
barrierheightandidealityfactor.Modelstakingthebarrier
heightandcurrentdensityinhomogeneitiesintoaccount
havebeenimplementedandbroughtfacetofacewithexperi-
mentalresults.Fromthesecomparisons,severalphysicalpa-
rametershavebeenestimated.TheRichardsonconstant
turnedouttobeclosetoonetenthofthestandardvalue,and
evenonethirteenthwhenthebarrierheightdisorderreached
itsmaximumvalue.Theeffectofdifferentshapesofbarrier
fluctuationshasbeenstudiedeithernumericallyinthecase
oflocalbarrierenhancementsorfromtwoanalyticalmodels
adaptedtolocalbarrierloweringandcurrentcrowdinginthe
activelayerofthediode.Intheformercase,whichhappens
whenfixedrepulsivechargesareclosetotheinterfacelike
evidencedin metal-ZrO2-diamondstructures,theimage
forceeffectistheonlyrelevantoneasfarascurrent-voltage
characteristicsareconcerned.Inthecaseofrandompatches
comprisingasmallerbarrierthantheidealhomogeneous
one,ithasbeenshownthatbarrierinhomogeneitiescanbe
characterizedbyseveralparametersrelatedtotheirampli-
tude,density,andtothepresenceorabsenceofboththe
pinch-offeffectintheseloweredbarrierpatchesandcurrent
crowdinginnarrowedchannelsofthedepletionzone.
Mixingtwoofthelasteffectsturnsouttobenecessaryto
quantitativelyexplainthecurvatureofcurrent-voltagechar-
acteristicsofunannealedinterfacesinasemi-logarithmic
plot.Theidealhomogeneousbarrieristhetrulyrepresenta-
tivephysicalquantityoftheinterfacebecauseitisfreefrom
thelocalandrandominhomogeneitieswhichareresponsible
forthenonidealityofthediodes.Ithasbeeninferredfrom
matchingprevious modelstoelectricaldata.Rulesand
uncertaintieshavebeenderivedforaconfidentevaluationof
thisfundamentalquantity.Allotherparametershavebeen
extractedinturnfromthecomparisonofthenonideal
behaviorswiththequantitativepredictionsofthemodels.
Mainconclusionswerethestrongreductionofboththebar-
rierinhomogeneitiesandhomogeneousbarrierof1.4eVaf-
terannealinginterfacesat450C.Becauseoftheknown
inhomogeneityoftheoxygenterminationsandenhancement
oftheelectronaffinitybyalso1.4eVontheinitialoxygen-
ateddiamondsurface,thesefactsstronglysuggestedthat
originaloxygenterminationsvanishedaftersuchananneal-
ingandarereplacedbystrongerbondsbetweencarbonand
atomsoftheZirconiumoxideinterlayer.Then,themoregen-
eralissueofbarrierheightdeterminationandFermilevel
pinninghasbeenaddressedbymeansofananalysisofthe
experimentaldatacollectedinthepresentworkandinrecent
literature,reassessedwiththehelpofthemethodspresented
before whennecessary.Thesameevolutionofbarrier
heightsforfourothermetalsafterannealingconfirmsthedis-
appearanceofoxygenterminations,irrespectiveofthepres-
enceofanoxideinterlayer,andtheelectronaffinityofthe
diamondsurfacesasarelevantquantityforbarrierheight
description.Forthewholesetofmetalsincontactwitheither
unannealedorannealedoxygenatedsurfaces,orhydrogen-
atedsurfaces,aroughbutclearalignmentofbarrierheights
alongthe Mott-Schottkystraightline,withaunityslope,
really emergedregardingthe difference betweenthe
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ionizationenergyofdiamondsurfacesandmetalworkfunc-
tion.However,foreachparticularinterface,thebehaviorata
smallerscaleappeareddifferent.Inthecaseofannealedoxy-
genatedinterfaces,theslopeturnsouttobeslightlynegative,
aresultincompatiblewiththe“interfaceinducedgapstates”
modelwhichassumesthesestatesasinvariantfromone
metaltoanother.Onthecontrary,thebond-polarization
scheme,whichreliesontheinterfacedipolestrength,itself
dependentofthemolecularorbitalsinvolvedinthebonds
acrosstheinterface,mayjustifytheslopesbothataglobal
levelandforaparticularsurface.Alltheseconcernshave
beenpresentedanddiscussedwiththehelpofnewexperi-
mentalresults,improvedmodelsandrecenthighqualityex-
perimentalworksinthepurposeoffosteringnewadvances
inunderstandingtheoldproblemofpotentialbarrierat
metal-covalentsemiconductorinterfaces.

ACKNOWLEDGMENTS

Partofthisworkwasmadepossiblethroughgrantsfrom
theSpanish MinistryofEconomyand Competitiveness
(ref: TEC2014-54357-C2-2-R, HiVolt-nanoproject)and
fromtheEuropeanH2020Program(ref:SEP-210184415,
GreenDiamondproject).Theauthorsalsowishtothank
“MinisteriodeCienciaeInnovacion”forthegrantsBES-
2010-039524 and EEBB-I-13-07696 of the project
TEC2009-11399andBrunoFernandezforhistechnical
assistanceintheNanofabfacilities.

1P.-N.Volpe,J.Pernot,P. Muret,andF.Omnès,Appl.Phys.Lett.94,
092102(2009).
2P.-N.Volpe,P. Muret,J.Pernot,F.Omnès,T.Teraji,Y.Koide,F.
Jomard, D.Planson,P. Brosselard, N. Dheilly, B. Vergne,andS.
Scharnholz,Appl.Phys.Lett.97,223501(2010).
3A.Vescan,I.Daumiller,P.Gluche, W.Ebert,andE.Kohn,Diamond
Relat.Mater.7,581(1998).
4P.Muret,F.Pruvost,C.Saby,E.Lucazeau,T.N.Tan,E.Gheeraert,and
A.Deneuville,DiamondRelat.Mater.8,961(1999).
5M.Liao,J.Alvarez,andY.Koide,Jpn.J.Appl.Phys.,Part144,7832
(2005).
6M.Craciun,C.Saby,P.Muret,andA.Deneuville,inCarbonMaterials
forActiveElectronics:ProceedingsofSymposiumL,E-MRSSpring
Meeting,2003[DiamondRelat.Mater.13,292(2004)].
7C.Saby,P.Muret,F.Pruvost,andG.Patrat,DiamondRelat.Mater.11,
1332(2002).
8D.A.Evans,O.R.Roberts,G.T. Williams,A.R.Vearey-Roberts,F.
Bain,S.Evans,D.P.Langstaff,andD.J.Twitchen,J.Phys.:Condens.
Matter21,364223(2009).
9T.Teraji,Y.Garino,Y.Koide,andT.Ito,J.Appl.Phys.105,126109(2009).
10P.K.BaumannandR.J.Nemanich,J.Appl.Phys.83,2072(1998).
11H.Kawarada,Surf.Sci.Rep.26,205(1996).
12M.AokiandH.Kawarada,Jpn.J.Appl.Phys.,Part233,L708(1994).
13J.Alvarez,F.Houze,J.Kleider,M.Liao,andY.Koide,inproceedingsof
theE-MRS2006SymposiumS:MaterialScienceandTechnologyofWide
BandgapSemiconductors2006,SpringMeetingoftheEuropeanMaterials
ResearchSociety[SuperlatticesMicrostruct.40,343(2006)].
14A.Daicho,T.Saito,S.Kurihara,A.Hiraiwa,andH.Kawarada,J.Appl.
Phys.115,223711(2014).
15H.Kawarada,H.Tsuboi,T.Naruo,T.Yamada,D.Xu,A.Daicho,T.
Saito,andA.Hiraiwa,Appl.Phys.Lett.105,013510(2014).
16K.Tsugawa,H.Noda,K.Hirose,andH.Kawarada,Phys.Rev.B81,
045303(2010).

17K.Ikeda,H.Umezawa,K.Ramanujam,andS.ichiShikata,Appl.Phys.
Express2,011202(2009).

18T.Teraji,Y.Koide,andT.Ito,Phys.StatusSolidi(RRL)3,211(2009).
19A.Traore,P.Muret,A.Fiori,D.Eon,E.Gheeraert,andJ.Pernot,Appl.
Phys.Lett.104,052105(2014).

20R.T.Tung,Appl.Phys.Rev.1,011304(2014).
21J.-C.Arnault(unpublished).
22E.H.Rhoderick,J.Phys.D:Appl.Phys.5,1920(1972).
23E.H.RhoderickandR.H.Williams,Metal-SemiconductorContacts,2nd
ed.(ClarendonPress,Oxford,1988).

24W. M€onch,ElectronicPropertiesofSemiconductorInterfaces,Surface
Sciences(Springer-Verlag,Berlin,Heidelberg,2004).

25C.R.CrowellandM.Beguwala,Solid-StateElectron.14,1149(1971).
26H.CardandE.Rhoderick,J.Phys.D:Appl.Phys.4,1589(1971).
27J.AndrewsandM.Lepselter,Solid-StateElectron.13,1011(1970).
28S.Ohmagari,T.Teraji,andY.Koide,J.Appl.Phys.110,056105(2011).
29J.H.WernerandH.H.G€uttler,J.Appl.Phys.69,1522(1991).
30R.T.Tung,Phys.Rev.B45,13509(1992).
31R.T.Tung,Mater.Sci.Eng.R35,1(2001).
32P.M.Gammon,A.Perez-Tomas,V.A.Shah,O.Vavasour,E.Donchev,J.
S.Pang,M.Myronov,C.A.Fisher,M.R.Jennings,D.R.Leadley,andP.
A.Mawby,J.Appl.Phys.114,223704(2013).

33J.Ristein, M.Riedel,andL.Ley,J.Electrochem.Soc.151,E315
(2004).

34F.Klauser,S.Ghodbane,R.Boukherroub,S.Szunerits,D.Steinm€uller-
Nethl,E.Bertel,andN.Memmel,DiamondRelat.Mater.19,474(2010).

35S.Ghodbane,D.Ballutaud,F.Omnès,andC.Agnès,DiamondRelat.
Mater.19,630(2010).

36S.J.Sque,R.Jones,andP.R.Briddon,Phys.Rev.B73,085313(2006).
37H. Notsu,I. Yagi, T. Tatsuma, D. A. Tryk,and A. Fujishima,
J.Electroanal.Chem.492,31(2000).

38C.K.FinkandS.J.Jenkins,J.Phys.:Condens.Matt.21,264010(2009).
39J.RobertsonandM.Rutter,DiamondRelat.Mater.7,620(1998).
40P. MuretandC.Saby,Semicond.Sci.Technol.19,1(2004);Atypo-
graphicerrorinTableIIofthisreferencemustbecorrectedbychanging
theminussignintoplussignineachofthethreelastcolumnsatthelast
linewhichrecapitulatestheelectronaffinities,onlythatofthehydrogen-
atedsurfacebeingreallynegative.

41H.Sirringhaus,T.Meyer,E.Y.Lee,andH.vonK€anel,Phys.Rev.B53,
15944(1996).

42P.R.Muret,J.Vac.Sci.Technol.B32,03D114(2014).
43H.B.Michaelson,J.Appl.Phys.48,4729(1977).
44S.JainandW.E.Dahlke,Solid-StateElectron.29,597(1986).
45S.Collins,D.Lowe,andJ.R.Barker,J.Phys.C:SolidStatePhys.20,
6233(1987).

46R.H.CoxandH.Strack,Solid-StateElectron.10,1213(1967).
47D.Defives,O.Noblanc,C.Dua,C.Brylinski,M.Barthula,andF.Meyer,
Mater.Sci.Eng.B61–62,395(1999).

48P.Muret,D.Eon,A.Traore,A.Marechal,J.Pernot,andE.Gheeraert,
PhysicaStatusSolidiA212(11),2501(2015).

49N.F.Mott,Proc.R.Soc.London,Ser.A171,27(1939).
50W.Schottky,Z.Phys.113,367(1939).
51J.Tersoff,Phys.Rev.Lett.52,465(1984).
52S.Kone,G.Civrac,H.Schneider,K.Isoird,R.Issaoui,J.Achard,andA.
Gicquel,inProceedingsofDiamond2009,The20thEuropeanConference
onDiamond,Diamond-LikeMaterials,CarbonNanotubesandNitrides,
Part2[DiamondRelat.Mater.19,792(2010)].

53H.Umezawa, M.Nagase,Y.Kato,andS.I.Shikata,DiamondRelat.
Mater.24,201(2012).

54A. Nawawi,K.Tseng,Rusli,G. Amaratunga,H. Umezawa,andS.
Shikata,DiamondRelat.Mater.35,1(2013).

55K.Ueda,K.Kawamoto,T.Soumiya,andH.Asano,DiamondRelat.
Mater.38,41(2013).

56K.Ueda,K.Kawamoto,andH.Asano,Jpn.J.Appl.Phys.,Part153,
04EP05(2014).

57J.Ristein,F.Maier,M.Riedel,J.Cui,andL.Ley,Phys.StatusSolidiA
181,65(2000).

58R.T.Tung,Phys.Rev.Lett.84,6078(2000).
59R.T.Tung,J.Vac.Sci.Technol.B11,1546(1993).

204505-21 Muretetal. J.Appl.Phys.118,204505(2015)

 [This article is copyrighted as indicated in the article. Reuse of AIP content is subject to the terms at: http://scitation.aip.org/termsconditions. Downloaded to ] IP:

147.173.65.252 On: Tue, 01 Dec 2015 13:30:42



Energy-banddiagramconfigurationofAl2O3/oxygen-terminated
p-diamondmetal-oxide-semiconductor

A.Marechal,1,2,3,a)M.Aoukar,1,4C.Vallee,1,4C.Rivière,1,2D.Eon,1,2J.Pernot,1,2,5

andE.Gheeraert1,2
1Univ.GrenobleAlpes,F-38000Grenoble,France
2CNRS,Inst.NEEL,F-38000Grenoble,France
3CNRS,G2Elab,F-38000Grenoble,France
4CNRS,LTM,F-38000Grenoble,France
5InstitutUniversitairedeFrance,103BoulevardSaintMichel,75005Paris,France

(Received12May2015;accepted6September2015;publishedonline5October2015)

Diamondmetal-oxide-semiconductorcapacitorswerepreparedusingatomiclayerdepositionat
250CofAl2O3onoxygen-terminatedborondoped(001)diamond.Theirelectricalpropertieswere
investigatedintermsofcapacitanceandcurrentversusvoltagemeasurements.PerformingX-ray
photoelectronspectroscopybasedonthemeasuredcorelevelenergiesandvalencebandmaxima,the
interfacialenergybanddiagramconfigurationoftheAl2O3/O-diamondisestablished.Theband
diagramalignmentisconcludedtobeoftypeIwithvalencebandoffsetDEvof1.3460.2eVand
conductionbandoffsetDEcof0.5660.2eVconsideringanAl2O3energybandgapof7.4eV.The
agreementwithelectricalmeasurementandtheabilitytoperformaMOStransistorarediscussed.
VC2015AIPPublishingLLC.[http://dx.doi.org/10.1063/1.4931123]

Recent achievementsindiamonddeviceprocessing
havemadepossiblethedevelopmentofbipolarjunctiontran-
sistor,1junctionfieldeffecttransistor2usingselectively
grownnþ-typediamond,p-i-njunctionforpowerswitchde-
viceapplications,3andSchottkydiodesshowingpowerfig-
ureofmeritof244MWcm2.4Intheviewofdeveloping
highperformancemetal-oxide-diamondfieldeffecttransistor
(diamondMOSFET),recentreportspresentthestudyofdia-
mondbasedmetal-oxide-semiconductorcapacitors(MOSCAP)
onhydrogen-terminateddiamond(H-diamond)usingvarious
oxidesanddepositiontechniques.5–7Theelectricalcharac-
terizationsofthesedevices,i.e.,current-voltageI(V)and
capacitance-voltageC(V)measurements,showedlowleak-
agecurrentvaluesandsmallinterfacestatesdensity.The
goodelectricalproperties,intermsoflowleakagecurrent
densities,relyonthebandconfigurationofthedielectric/
H-diamondinterfacewhichshowslargevalencebandoffsets
(2.9eVfortheAl2O3/H-diamondstructure),

8suitablefor
developingp-channels MOSFETasdemonstratedbynor-
mallyoffoperationoftheH-diamond MOSFETofLiu
etal.9Forsuchtransistors,theoff-statewillbeensuredby
thechanneldepletion.Anotherwaytodevelopdiamond
MOSFETistheapproachofaninversionn-channel(p-chan-
nel)intoap-type(n-type)diamondregionseparatingtwo
electrons(holes)reservoirswherethepresenceofp-njunc-
tionsensurestheoff-state.Inthatcase,amongallthechal-
lengingdevelopmentsrequiredisthedevelopmentofthe
MOSgateshowingbandoffsets,highenoughtopreventcar-
riersinjectionfromthechanneltothegatemetal.Thus,vari-
ousoxidesdepositedonoxygen-terminatedborondoped
diamond(O-diamond)areunderstudy.Recently,theauthors
ofRef.10demonstratedtheoperationofadiamondMOSCAP
usinga118nmthickTa2O5dielectriclayerdepositedon(001)
p-typeO-diamond.Theeffectofoxideannealingonthe

deviceelectricalpropertieswasstudied.Inparticular,the
authorsqualitativelyshowedthattheleakagecurrentcon-
ductionwasmainlygovernedbythermionicfieldemissionat
relativelylowappliedbiasvoltageandtunnelingprocesses
athighappliedbiasvoltage.Theobservedleakagecurrents
densitycouldbeattributedtotheTa2O5bandgapof4.4eV
(Ref.11)whichcouldresultinloworinexistentbarrier
forholesattheTa2O5/O-diamondinterface.Inthecaseof
ourpreviouswork,12someofusstudiedlowtemperature
atomiclayerdeposition(ALD)-Al2O3onborondopedO-
diamondandobservedhighleakagecurrentsdensities.The
leakagecurrentcharacteristicsshowedthesametendencies
thantheonesreportedinRef.10. Weproposedtheoretical
banddiagramsfortheAl2O3/O-diamondcapacitoranddis-
cussedabouttheeffectofthelowbarrierheightforholes.In
thepresentwork,wedevelopeda MOSarchitectureand
investigateditselectricalproperties.Leakagecurrentsare
stillobservedfornegativebiasvoltage.Therefore,inorderto
demonstratethepresenceofabarrierforholesattheAl2O3/O-
diamondinterface, we performed X-ray Photoelectron
Spectroscopy(XPS).ByperformingXPSonthreedifferent
samples,theAl2O3/O-diamondenergybanddiagramisestab-
lishedanddiscussedintermsofMOSFETfabrication.
TheMOSCAPisastackofaheavily(pþþ-typelayer)

andalightly(p-typelayer)boron-dopedhomoepitaxialdia-
mondlayergrownusingamicrowaveplasmaassistedchem-
icalvapordeposition(MPCVD)NIRIMtypereactorona
3 3mm2Ibhighpressurehightemperature(HPHT)(001)
diamondsubstrate.The470nmthickheavilyborondoped
diamondlayerwasgrownusingarecipedescribedelse-
where.4Ontopofthislayer,alightlyborondopedlayerwas
grownusingagasmixtureofmethane([CH4]/[H2]¼1%),
diborane([B]/[C]¼600ppm),oxygen([O2]/[H2]¼0.25%),
andhydrogenatapressureof33Torrandatemperatureof
910C.Oxygenwasusedinthegasphaseinorderto
increasethecrystallinequalityofthelayer.13Thep-typea)Electronicmail:aurelien.marechal@neel.cnrs.fr
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layerthicknesswasmeasuredbyspectroscopicellipsometry
tobe590nm.Previoustothedepositionoftheohmiccon-
tacts,a mesastructurewasdefinedusinganO2plasma
inductivelycoupledplasma(ICP)etchingprocess.The
ohmic contacts were defined by laser lithography
(HeidelbergDWL66FS)andelectronbeam(ebeam)evapo-
rationofTi/Pt/Au(30/50/40nm)followedbystandardliftoff
technique.VacuumUltraViolet(VUV)light/ozonetreat-
ment14wasperformedachievingoxygenterminationofthe
diamondsurface(O-diamond)beforeoxidedeposition.The
oxidelayer wasdepositedby ALDat250Cusinga
Savannah 100 deposition system from Cambridge
NanoTech.TheprecursorwasTrimethylaluminium(TMA),
andwaterasoxidant.Thepulseandexposuredurationwere
30sand15ms,respectively,withtypicalbasepressureof
1.3 101Torr.TEMinvestigationsrecentlyrevealedthat
the100CALD-Al2O3layerwasamorphous.

15Here,the
growthtemperaturewasincreasedtoincreasethedielectric
layerquality.However,thedielectriclayerissupposedly
amorphous.Moreover,furtherstudiesareneededtoquantify
thedielectriclayerqualityasafunctionofthegrowthtem-
perature.Theoxidethicknesswas measuredbyspectro-
scopicellipsometrytobe20nm.TheMOSCAPandmetal-
insulator-metalcapacitor(MIMCAP)contactswithvarious
geometryweredefinedbylaserlithographyfollowedby
ebeamevaporationofTi/Pt/Au(30/50/40nm)metalelec-
trode.Thisstructureofferstheadvantageofhavingboth
MIMCAPsandMOSCAPsonthesamesampleasshownin
Fig.1(a).Asshowninthecrosssection,theoxidewasalso
depositedontheperiphericohmiccontact.Eventhough,it
didnotinfluencethepropertiesofthedevice,sincetheoxide
belowthetipstransformedinashortcircuitafterthefirst
voltagebiasing.TheelectricalpropertiesoftheAl2O3/O-dia-
mond MIMand MOSCAPS wereinvestigatedusinga

AgilentE4980APrecisionLCRMeterandaKeithley6517B
source-electrometer.
Fig.2(a)representstheC(V)propertiesofacircular

Al2O3/O-diamondMOSCAPwitha150lmdiametermeas-
uredatroomtemperature.Thefrequencyoftheacsignal
wasvariedfrom1kHzto1MHzwithanamplitudeof
50mVbiasingthestructurefromaccumulationtodeep
depletion.Nofrequencydependenceoftheaccumulationca-
pacitancewasobservedinthisfrequencyrange.Thisresults
fromthepresenceofthepþþ-typelayerwhichlowersthese-
riesresistance.Inthecaseofhighseriesresistance,the
accumulationcapacitanceshowsstrongdependencewiththe
acsignalfrequency.12,16–18InFig.2(a),the1kHzcurve
(blacksquares)showsaplateauat 5V,whichisprobably

FIG.1.(a)Schematiccrosssection
(left)andpictureoftheAl2O3/O-dia-
mondMOSdevice(right),showingthe
MIM, MOS and ohmic contacts,
respectively.(b)Schematiccrosssec-
tionofthesamplespreparedforthe
XPSanalysis.

FIG.2.(a)C(V)characteristicoftheAl2O3/O-diamondcapacitormeasured
from1kHzto1MHz.Inthisrange,thefrequencyhasnoinfluenceonthe
capacitancemeasuredat 8V.(b)J(V)characteristicoftheMOSdevice.In
thedepletionanddeepdepletionregimes,thecurrentdensityisbelowthe
detectionlimit.
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duetotheinterfacestatesresponsetotheacsignal.
Moreover,hysteresiswasobserved(notshownhere)when
biasingthestructurefromaccumulationtodeepdepletion
andcomingbacktoaccumulation,signatureofthepresence
ofmobilechargesinthedielectriclayer.Inaddition,the
analysisofthe MIMCAPrevealedthattheoxiderelative
dielectricconstantwascloseto9.However,thisvaluewas
foundunreasonablylow(oftheorderof3)forthe
MOSCAP.Spectroscopicimpedance16studiesareunder-
goingtoassesstheseissues.Thedopinglevelofthep-type
diamondlayerwasextractedfromthe1/C2(V)curveand
measuredtobe4 1017cm3.
Fig.2(b)presentsthecurrentdensityvsvoltageJ(V)

characteristicsoftheMOSCAPmeasuredatroomtempera-
ture. WhenanegativebiasvoltageisappliedtotheMOS
contact,holesareaccumulatedinthediamondlayerunder-
neaththedielectric.Thus,ifthedielectricisnotperfectand
thevalencebandoffsetattheAl2O3/O-diamondinterfaceis
nothighenough,holescanleakfromdiamondtothemetal
electrodethroughthe Al2O3 layer. Forthe present
MOSCAP,theleakagecurrentdensitycanbeashighas
7 103Acm 2atroomtemperatureand 5V.Asthebias
voltageisincreasedtowardsthepositivevalues,aspace
chargeregion(SCR)developsandtheMOSCAPreachesthe
depletionanddeepdepletionworkingregime.ThisSCRpre-
ventsfromleakagecurrents.Asaresult,thecurrentdensity
isbelowthedetectionlimit.Thisbehaviorwasnotobserved
inrecentworks.12,18Highleakagecurrentsdensityobserved
inthedeepdepletionregimeresultsinunreliablecapacitance
measurements(capacitanceincreaseversusbiasvoltage)
whichcouldbemisinterpretedandwronglyassignedtoan
inversionsignature.18Inthepresentwork,theaccumulation
regimeleakagecurrentshavebeenidentifiedtobemainly
duetotunnelingmechanismsofholesthroughthedielectric
layerandwillbethesubjectofourupcomingwork.Inorder
todetermineifthemeasuredleakagecurrentisoriginating
fromasmallorabsentbarrierforholesattheAl2O3/O-dia-
mondinterface, XPS measurements wereperformedon
ALD-Al2O3filmsdepositedat250ConO-diamond(001)
substratesusingaThermoScientificTheta300spectrometer.
ThreesampleswerepreparedasshowninFig.1(b),with
Al2O3layerdepositedusingtheexperimentalconditionsand
setupasdescribedabove.First,a2nmthinAl2O3filmwas
deposited,allowingtoidentifythebindingstatebetweenthe
O-diamondsurfaceandtheAl2O3layer.Asecondsample
witha20nmthickAl2O3layerwasdepositedinthesame
conditionsasthefirstonewasprepared,asacalibrationfor
thebulkbindingstateofthe Alatoms.Finally,an O-
diamondsamplewasprepared.Thissampleallowedtodeter-
minethebindingenergyoftheCsurfaceatoms.InFig.1(b),
thesurfaceterminationsarealsorepresentedandmainlycor-
respondtohydroxylspeciesasdiscussedinRef.19.The
experimentswerecarriedoutusingahighresolutionmono-
chromaticAlKa(h¼1486.68eV)X-raysource.Thecore
levelspectrawererecordedusinga0.05eVstepanda55eV
passenergyasdescribedinRef.5.Thepeakcontributions
wereextractedbycombiningaLorentzianandaGaussian
function.Thebackground wassubtractedusingShirley
function.

OnXPSspectra,thezeroenergyisusuallyattheFermi
level.Nevertheless,chargeeffectandsurfacecontamination
cancompromiseitsposition.Theapproachdefendedhereis
tousecorelevelonthreesamplesinordertodeterminethe
valencebandoffsetbetweenAl2O3andO-diamond.First,
consideringthemeanfreepathofphotoelectroninamaterial
(2nm),a20nmAl2O3layerservesastodeterminethe
energycorelevel(ECL)forbulkAl2O3.Thesameapproach
isusedforO-diamond.Atlast,witha2nmthickAl2O3
layer,XPSmeasurementissensitivetodiamondandAl2O3.
Thissampleallowstodeterminethevalencebandoffset.On
2nmthickAl2O3,C1sspectrumshowsclearlydifferent
peakcontributions(seeFig.3(e)).C-Alcontributionisthe
onewhichisrepresentativeoftheinterface.Thevalence
banddiscontinuityattheAl2O3/O-diamondinterfaceiscal-
culatedusingthefollowingformula:20

DEv¼ðECL EVBMÞO-diamond ðECL EVBMÞAl2O3 DECL;

(1)

whereðECL EVBMÞO-diamondisthedifferenceinbinding
energybetweentheC1scorelevelandthevalenceband
maximum(VBM)oftheO-diamond,ðECL EVBMÞAl2O3is
thedifferenceinbindingenergybetweentheAl2p3=2and
VBMofthe20nmthickAl2O3film,andDECListhediffer-
enceinbindingenergybetweentheAl2p3=2andC1score
levelforthe2nmthickAl2O3film.Fig.3(a)showstheva-
lencebandspectrumofthe20nmthickAl2O3layer.The
VBMisextractedbyextrapolatingthelinearfittotheab-
scissaaxis.Theinsetrepresentsthedifferenceinenergy
betweentheAl2p3=2andVBMðECL EVBMÞAl2O3.The
O-diamondvalencebandspectrumisshowninFig.3(c).The
VBMare3.2060.2eVand2.0760.2eVforAl2O3and
O-diamond,respectively.WhentheAl2O3isbroughtincon-
tactwiththeO-diamondsample,avalencebanddiscontinu-
ityappearsattheinterface,asrepresentedbyDEv in
Fig.3(b).Fig.3(d)showstheAl2pspectrumofthe20nm
thickAl2O3.TheAl-Obindingenergyisextractedasbeing
74.3560.2eV.The2nmthinAl2O3C1sspectrumallows
todetermineaC-Albindingenergyof284.0860.2eVas
indicatedbyFig.3(e).Finally,the C1sspectrumof
theO-diamondsampleallowstodeterminethecorelevel
bindingenergyofthe C-Cbonds,determinedtobe
284.3260.2eV(seeFig.3(f)).Inthisfigure,theCHx,C-O-C,
andC¼Ocomponentscanbeidentifiedwithrespectivebind-
ingenergies of 284.9360.2eV, 285.9060.2eV,and
287.2060.2eVingoodagreementwithreportedvalues.8,21

TableIsummarizestheC1s,Al2p3=2,andO1sbinding
energies(eV)ofthecorelevelspectrafortheO-terminated
diamond,the20nmAl2O3and2nmAl2O3samples.Using
Eq.(1)andthevaluesreportedinTableI,thevalenceband
offsetwascalculatedtobe1.34eV.Takingintoaccountthe
Al2O3bandgapof7.4eV,

22theenergybanddiagramofthe
Al2O3/O-diamondinterfacecanbeestablishedasshownin
Fig.4.ThisdiagramclearlydemonstratesatypeIband
alignmentandthepresenceofabarrierforholesof
1.3460.2eV.Theconductionbanddiscontinuityiscalcu-
latedtobe0.5660.2eVwhenconsideringanAl2O3energy
bandgapof7.4eV.Obviously,lowervaluescouldbefound
ifthedielectricbandgapwouldbesmaller.Themeasured

141601-3 Marechaletal. Appl.Phys.Lett.107,141601(2015)

 This article is copyrighted as indicated in the article. Reuse of AIP content is subject to the terms at: http://scitation.aip.org/termsconditions. Downloaded to IP:

147.173.64.217 On: Thu, 08 Oct 2015 14:33:57



DEvaloneisnotenoughtoexplaintheobservedleakagecur-
rents.Amodelforthetunnelingofholesbetweenthesemi-
conductingdiamondandthemetalgateelectrode,including
thetemperaturedependenceoftheleakagecurrentwillbe
discussedinafuturework.Inconclusion,Al2O3/O-diamond
MOScouldbesuitableforthedevelopmentofnormallyoff
p-channelMOSFET,sinceconfinementofholesattheinter-
facecouldberealizedbyincreasingtheAl2O3layerthick-
nessandquality.ThelowerDEv¼1.3460.2eVincaseof
Al2O3/O-diamondthanincaseofAl2O3/H-diamondinter-
face(DEv¼2.960.2eV)

8wasexpected,evenifarigid
applicationoftheelectronaffinityvdifferenceleadstoa
valueofDEv¼0.8eV.Attheopposite,n-typechannelwill

resultinatoosmallbarrier(DEc¼0.5660.2eV)between
theconductionbandsofAl2O3andO-diamond,ifassuming
anenergybandgapofEAl2O3g ¼7.4eV.22

Insummary, MOSCAP werefabricatedonoxygen-
terminatedborondoped(001)diamondusing250Catomic

FIG.3.(a)20nmthickAl2O3valencebandspectra.TheinsetrepresentstheAl2pcorelevelandthevalencebandofthedielectriclayer.(b)Whenthe2nm
thinAl2O3isputincontactwiththeO-diamondsurface,thevalencebanddiscontinuityDEvappears.Thedifferenceinenergybetweenthetwocorelevelsis
indicated.(c)O-diamondvalencebandspectraandtherepresentationoftheC1scoreleveltogetherwiththevalencebandofO-diamond.(d)XPSspectrumof
the20nmthickAl2O3layercorrespondingtotheAl2pcorelevel.(e)and(f)showtheC1sbindingenergiesforthe2nmAl2O3layerandO-diamond,
respectively.

TABLEI.C1s,Al2p3=2,andO1sbindingenergies(eV)ofthecorelevel

spectrafortheO-terminateddiamond,the20nmAl2O3and2nmAl2O3
samples.Thevalenceband maxima(VBM)wererecordedfortheO-

terminateddiamondandthe20nmthickAl2O3layer.Theenergyoriginis
takenattheFermilevelposition.

Al2O3 Al2O3
O-diamond (2nm) (20nm)

C1s(eV) C-C 284.32 284.2

CHx 284.93

C-Al 284.08

C-O-C 285.90

C¼O 287.20

Al2p3=2(eV) Al-O 74.32 74.35

O1s(eV) 530.60 530.46 530.69

VBM(eV) 2.07 3.20

FIG.4.EnergybanddiagramoftheAl2O3/O-diamondheterostructure.The
valenceandconductionbandoffsetsarerepresented.Alsoindicatedarethe
differencesinenergybetweencorelevelsandvalencebandmaximafor
Al2O3andO-diamondaswellasthedifferenceincorelevelenergyDECL.
EvandEcstandforvalencebandmaximumandconductionbandminimum,
respectively.
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layerdepositionofAl2O3.PerformingXPSmeasurements
allowedtodeterminethevalencebandoffsetDEvbetween
Al2O3andO-diamondof1.3460.2eV,thusenablingto
reconstructtheAl2O3/O-diamondenergybanddiagram.The
bandconfigurationisoftypeIascomparedtotheAl2O3/H-
diamondwhichisoftypeII.8Thus,theAl2O3/O-diamond
MOScouldbesuitableasagateforthenextgeneration
inversionMOSFET.
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