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moĺeculairesparnc-AFMetKPFMàbasse
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Abstract

Theprogressofnon-contactAtomicForceMicroscopy(nc-AFM)inthelastdecade

enabledstudyingthestructuralandelectronicpropertiesofmoleculesatthesubmolecular

scale.Theprocessoftipfunctionalizationrelyinginattachingsingleatomsormolecules

tothetipapexdemonstratedanenhancedresolutioninbothSTMandAFMimages,such

thatthechemicalstructuresofmanydifferentmoleculesdepositedonmetallicsurfaces

havebeenresolved.However,fewstudieshavebeenpresentedonasemiconductorsurface

sofar.

Inthiswork,westudytheformationofmolecularself-assembliesonthepassivated

surfaceofborondopedsiliconSi(111)-(
√
3×
√
3)R◦30-BbycombinedSTM/nc-AFMwith

KelvinProbeForceMicroscopy(KPFM).Theexperimentshavebeenperformedonthe

Joule-ThomsonScanningProbeMicroscope(SPECS),workinginultrahighvacuumat

temperatureof4K,usingahighstiffnesssensor(Kolibri,k=540kN/m,f0=1MHz).The

investigatedmoleculesare:1-(4’cyanophenyl)-2,5-bis(decyloxy)-4-(4’-iodophenyl)benzene

(CDB-I),whichpossesstwoaliphaticchainsattachedtoatriphenylcoreendedwithtwo

differentterminations(eitheriodineorcyanogroup)andnon-polar1,4bis(4’cyanophenyl)-

2,5bis(decyloxy)benzene(CDB)molecule,withtwoidenticalcyanogroupterminations.

ThefirstmainobjectiveofthisworkwastoverifythesensitivityoftheKolibrisensorin

thechargedetection.KPFMmeasurementsofborondopedsilicondefectsarepresented,

showingdifferentchargestatesfordanglingbond(DB),siliconvacancyandburiedboron

dopantdefects.ApositivechargestateisfoundfortheDB,inaccordancewithprevious

STMstudies.Thesurfacepotentialofthisdefectconstitutesareferencevalueofasingle

chargeonthesurface. Thesecondobjectiveofthisthesiswastoobtainsubmolecular

resolutionintopographyandelectricalimagingonmolecules,withoutintentionaltip

functionalization. Asubmolecularcontrastisobservedinthefrequencyshiftimagesof

singlemoleculeswithidentificationofthethree-phenylcoreanddetailsofthealiphatic

chains.Moreover,ahighresolutionisobtainedinthesurfacepotentialimagesfromKPFM

measurementsaswell.Dependingontypeoftheadsorptionofmoleculeonthesurface,

twodifferentKPFMcontrastsaredistinguished.Lastly,thecomparisonoforganization

intheassembliesisdoneforbothCDBandCDB-Imolecules.Asimilarorganizationis

foundforbothmoleculesinnc-AFMimages.Theasymmetryofthenc-AFMtopography

andKPFMmapofCDB-Imoleculesindicatesthedipolarorganizationalongagiven

assemblyrow.
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Ŕesuḿe

Leprogr̀esimportantdelamicroscopieàforceatomiquesanscontact(nc-AFM)au

coursdeladernìered́ecennieapermisd’́etudierlespropríet́esstructurelleset́electroniques

desmoĺecules̀al’́echellesub-moĺeculaire.Leprocessusdefonctionnalisationdelapointe,

quiconsisteàattacherdesatomesoudesmoĺeculesuniquesàl’apexdelapointe,a

d́emontŕeuneŕesolutionexalt́eedesimagesSTMetAFM,desortequelesstructures

chimiquesdenombreusesmoĺeculesdiff́erentesd́epośeessurdessurfacesḿetalliquesont

ét́eŕesolues.Cependant,peud’́etudesont́et́epŕesent́eesjusqu’̀apŕesentsurdessurfaces

desemiconducteurs.

Danscetteth̀ese,nouśetudionslaformationd’auto-assemblagesmoĺeculairessurla

surfacepassiv́eedusiliciumdoṕeeauboreSi(111)-(
√
3×
√
3)R◦30-BparSTM/nc-AFM

combińeavecKelvinProbeForceMicroscopy(KPFM).Lesexṕeriencesont́et́eŕealiśees

surun microscopeAFM/STMJoule-Thomson(SPECS),travaillantsousultra-videà

unetemṕeraturede4K,enutilisantuncapteurdeforcèahauterigidit́e(Kolibri,k=540

kN/m,f0=1MHz).Lesmoĺeculeśetudíeessont:1-(4’cyanoph́enyl)-2,5-bis(d́ecyloxy)-2,5-

bis(d́ecyloxy)-4-(4’-iodoph́enyl)benz̀ene (CDB-I), qui poss̀edent deux

châınesaliphatiquesfix́ees̀aunnoyautriph́enyleavecdeuxterminaisonsdiff́erentes(soit

iode,soitcyano)etlamoĺeculenonpolaire1,4bis(4’cyanoph́enyle)-2,5bis(d́ecyloxy)benz̀ene

(CDB),avecdeuxterminaisonscyanoidentiques.

Lepremierobjectifprincipaldecetravailétaitdev́erifierlasensibilit́edelasonde

Kolibridanslad́etectiondecharge.LesmesuresKPFMportentsurlesd́efautsdusub-

stratdoṕeaubore,montrantlesdiff́erentśetatsdechargepourlaliaisonpendante(DB),

lalacunedesiliciumetledopantdeboreenterŕe. L’́etatdechargepositifesttrouv́e

pourlaDB,conforḿementaux́etudesant́erieuresdelaSTM.Lepotentieldesurfacedu

d́efautconstituelavaleurdeŕef́erenced’uneseulechargesurlasurface. Ledeuxìeme

objectifdecetteth̀eseétaitd’obteniruneŕesolutionsub-moĺeculaireentopographieet

enimagerieKPFMsurlesmoĺecules,sansfonctionnalisationintentionnelledelapointe.

Uncontrastesub-moĺeculaireestobserv́edanslesimagesded́ecalagedefŕequencede

moĺeculesindividuelles,permettantl’identificationdunoyautriph́enyleetdesd́etailsdes

châınesaliphatiques.Deplus,lahauteŕesolutionest́egalementobtenuedanslesimages

depotentieldesurfacedesmesuresKPFM.Selonletyped’adsorptiondelamoĺecule

ensurface,ondistinguedeuxcontrastesKPFMdiff́erents. Enfin,lacomparaisonde

l’organisationdanslesassemblagesestfaitepourlesmoĺeculesCDBetCDB-I.Malgŕe

l’organisationsimilairedesdeuxmoĺeculesdanslesimagesnc-AFM,unediff́erencedepo-

tentieldesurfaceestobserv́eepourlesdeuxterminaisonsdelamoĺeculeCDB-I,indiquant

l’organisationdipolairelelongdesranǵeesdemoĺeculesdesauto-assemblages.
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forhissupport,patienceandunderstandingnotonlyresearchrelatedbutalsopersonally,

especiallyduringthelastyearwhichwasnoteasyforme. Despitealltheproblemswe

haveencounteredduringmythesishisoptimismkeptmemotivatedandhelpedmeto

valorizetheworkIhavedone.Secondly,Iwouldliketothankmyco-supervisorSylvie

Godey,forherhelpinthetechnicalpartofthework,heravailabilityandallthehours

spenttogetherinthelabuntillateevenings(somanybake-outs!).

Moreover,Iamverygratefultothemembersofmythesisdefencecommittee:Ben-

jaminGŕevin,MariuszZdrojek,LaurentNony,J́er̂omeLagoute,FrankPalminoandXi-

aonanSunforevaluationofmyworkandvaluablediscussion.

MyspecialthanksgoestopersonnelfromtheNear-Fieldplatform:DominiqueDeresmes

andMaximeBerthewhoIcouldalwayscountonandaddressthetechnicalissuesrelated

tothiscomplicatedequipment.ThankyouMaximeforyourpatienceandmanydiscus-

sionsaboutSi-Bandthedanglingbondofcourse! Besides,Iwouldliketothankthe

engineersfromthecleanroom,especiallyDavidTroadecforhisprecisenessandexpress

preparationofKolibritipswithFIBandChristopheBoyavalforSEMimaging.

IwouldalsoliketothankthegroupofFrankPalminofromFEMTO-STinMontbeliard

forprovidingmethemoleculesamplesandhostingmeintheirlaboratorywhereIcould

learnaboutthecorrectpreparationofthesamples.SpecialthankstoYounesMakoudi

forhiswarmwelcomingduringmystayinMontbeliardandhishelponthesubjectof

molecules.

DuringfiveyearsspentinIEMN,startingfrommymasterinternshipuntiltheendof

mythesis,IwasfortunatetomeetmanypeoplewhoIwouldliketothankforhelping

mewithmywork.EspeciallyIwouldliketothankGabriel,Silvio,Khaoula,Daveand

Natahaliforallthemomentsspenttogetherinandoutsidethelab.Iamalsoverythankful

tomypolishfriendOlaforsupportingmeonthedistanceandEwawithoutwhom(and

astrangecoincidence)Iwouldnothavefoundmyselfhere.

Finally,Iwouldliketothankmyfamilyfortheirunderstandingandsupport,mainly

duringthewritingperiod,whichhelpedmeincompletingmythesissuccessfully.



vi



Contents

Abstract i

Resuḿe iii
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Motivation

Singleatomsmanipulation,switchingthechargestateofmoleculesorfollowingthe

chemicalreactionsonthesurface-theseareonlyfewtremendousachievements,accom-

plishedbytheresearchers,thankstoprogressofscanningprobemicroscopytechniques

intherecentyears[1,2,3,4,5]. TheinventionofSTMin1981byBinnigetal.[6]

andAFMfewyearsafter[7],initiatedtherevolutioninmaterialscharacterization,where

thesingleatomsofsurfacescouldbeobserved.Thenon-contactmodeofAFMenabled

toobtaintrueatomicresolutionusingforcesensing[8]andimagingnanostructureson

thesubmolecularscale[9].Thankstofunctionalizationoftipsanddevelopmentofhigh

stiffnessprobes,resolvingchemicalstructuresofmoleculesbecamepossible[9]. Onthe

otherhand,imagingmolecularassembliesremainsagreatchallengeandtheoriginand

contrastformationabovetheintermolecularbondsisstillunderdiscussion[10,11,12].

AcombinedSTMwithnoncontactAFMconstitutesacomplementarytechniqueto

studyelectronicandstructuralpropertiesof molecularassemblies.IntheSTM,the

topographicimagebasedonlocaldensityofstates(LDOS)isobtained,whichgivesthe

first,coarseinformationabouttheorganisationofmoleculesinassemblies. Thereal

topologyofthesampleisachievedthroughnc-AFMimaging,wherethetip-sampleforce

gradientisthequantitymeasuredwithintheexperiment.Owingtothehighadvancement

ofnc-AFMinthelastdecade,imagingmoleculeswithsubmolecularresolutionbecame

possibleduetothetipfunctionalizationwithsingleatomsormolecules[13,14,15].

Althoughthemostofstudieshavebeenrealisedwithtipterminatedwithsinglecarbon

monoxide(CO)molecule, manydifferentfunctionalizationsledtoacquiringenhanced

resolutionaswell,includingxenon(Xe)[16,15],copperoxide(CuO)[17],nitrogenous

oxide(NO)[18]ormethane(CH4)[11,16]collectedfrommetallicsurfaceswiththin

insulatingfilms. Despitethefactthatmoststudiesconcerningmoleculesarepresented

onmetallic(orthinfilminsulated)surfaces,submolecularresolutionwasalsoobtained

onhighlyreactivesiliconsurface,withoutintentionaltipfunctionalizationbutonlyby

conditioningthetiponthesiliconsubstrate[19]. Moreover,theincreasedresolutionin

STMandnc-AFMimageshasbeenshownbyattachingasinglesiliconatomextracted

fromthepassivatedsurfaceofborondopedsilicon[20],whichwillconstitutethesubstrate
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formolecularassembliespresentedinthisthesis.

Inadditiontotopography,informationaboutchargedistributioncanbeprovidedin

thespectroscopymethodderivedfromAFM,basedonmeasurementofthefrequencyshift

signalinthefunctionofsamplebias,oftenrefereedasKelvinProbeForceMicroscopy

(KPFM).Spectroscopymeasurementswithsinglechargesensitivityhavebeenpresented

forgoldatomsdepositedonNaClfilm,usingqPlussensor[13]. Furthermore,itwas

possibletomanipulatethechargestateofAuatomsthroughfrequencyshiftversusvoltage

spectroscopy,wherethesinglechargeeventswererevealedinthejumpsinthefrequency

shift[21].Theexperimentswereperformedalsoonmolecules,suchthatthedistributionof

chargewithinasinglemoleculeandswitchingprocesswithreorganizationofchargewere

observed[22].KPFMexperimentstogetherwithsubmolecularresolutionintopography

ensuretheexhaustiveinformationabouttheorientationandpositionofmoleculesin

assemblies.Asaresult,theorganizationofmoleculesonthesurfaceandtheinteraction

governingtheassemblyprocesscanbeunderstoodbetter.

TheexperimentspresentedinthisthesishavebeenperformedontheJoule-Thomson

ScanningProbeMicroscope(SPECS),workinginultrahighvacuumatlowtemperature.

Thisinstrumentationsetupwasorderedin2013andhadbeeninstalledintheIEMNand

putintooperationin2015,exactlyinthebeginningofthisthesis.Themainobjectives

ofthisthesisandtheworkpresentedherewasdirectlyrelatedtothearrivalofthenew

systeminthelaboratoryandthewilltotestitspossibilityintheexperimentsatlow

temperature. Mostimportantly,wewantedtoverifythesensitivityoftheKolibrisensor

inbothhighresolutionAFMimagingandchargedetectionintheKPFMmeasurements.

Intheworkpresentedinthisthesiscombinednc-AFMandSTMhavebeenperformed

togetherwithKPFMmeasurementstostudyorganisationofmolecularassemblieson

passivatedsurfaceofborondopedsilicon. Thefirstmainobjectiveofthisworkwasto

verifythesensitivityofKolibriprobeinthechargedetection.IntheChapter2,KPFM

measurementsonSi:Bdefectsarepresented,showingdifferentchargestatesfordangling

bond(DB),siliconvacancyandburiedborondopantdefect. Surfacepotentialdistri-

butionobtainedwithinthemeasurementspresentedinthisChapter,servenotonlyfor

calibrationofKolibritip,butalsoforfacilitatingtheanalysisandinterpretationofKPFM

ofmoleculespresentedinthesubsequentpartofthemanuscript. Thesecondobjective

ofthisthesiswastoobtainsubmolecularresolutiononassemblieswithoutintentionaltip

functionalization. Theexperimentsstartwithasinglemoleculestudypresentedinthe

Chapter3,forbothCDBandCDB-Imolecules.Submolecularcontrastisrevealedinthe

constantheightfrequencyshiftimagesandcomparedtothestructuralmodel.InKPFM

measurementthesubmolecularfeaturesincludingthree-phenylcore,aliphaticchainsand

oxygenatomsaredistinguishedaswell. ThecomparisonoforganisationofCDB-Iand
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CDBmoleculesinassembliesisdoneintheChapter4. Forbothmoleculesfrequency

shiftimagesareanalysedinordertofindtheirorientationinassembliesandanticipate

theinteractionsbetweenmoleculesandsiliconsubstrate.Theasymmetrybetweenboth

terminationsisobservedonlyforCDB-ImoleculeandthenstudiedwithKPFMinorder

toconfirmtheformationofdipolarassemblies.





Chapter1

Introduction

Thefirstchapteropenswithbriefhistoricaloutlineandthedescriptionofmainscan-

ningprobemicroscopytechniques.Inthefirstpartofthechapterthetheoreticalmodel

oftip-samplesystemwithharmonicoscillatorisdescribedtogetherwithmostimportant

parametersofcombinedSTM/nc-AFMmeasurement.Sections1.6and1.7giveanin-

troductiontoimagingmoleculeswithsubmolecularresolutionusinghighstiffnessprobes.

Thelimitationofsensitivityinlowtemperaturemeasurementsisdoneinthesection1.8.

Thesecondpartofthechapterisdedicatedtoexperimentaldetailsandproceduresused

inmeasurements.Thepreparationofsamplesandspectroscopymethodsaredescribedin

thelastsections.

1.1 PrincipleofScanningProbe Microscopy

Scanningprobemicroscopy(SPM)isafamilyoftechniqueswhichallowstheinvesti-

gationofsurfacesdowntotheatomicscale.Theiroperationprinciplereliesonmonitoring

theinteractionbetweentheprobeandthesamplewhilescanningitssurfacelinebyline.

ThankstoSPMitispossibletostudynotonlythetopographybutalsomanydiffer-

entpropertiesofthesurface,includingmagnetic,electrostaticormechanicalproperties.

Moreover,intherecentyearsatremendousworkwasdoneinthefieldofmanipulationof

nanostructuresandevensingleatomsbythemeansofscanningprobetechniques.SPM

techniquesareversatile,andapplicablenotonlyinphysicsbutalsochemistry,biologyand

medicalsciences.Comparedtoothermicroscopytechniquessuchasopticalmicroscopy,

theresolutionofSPMimagesisnotlimitedbythediffractionoflight,butbythesharpness

oftheprobeused,allowingimagingontheatomicorsubmolecularscale.

ThemostimportantpartofSPMisatiny,sharpprobewhichcollectstheinformation

ineveryscanningpointandallowscreatinganimageofthesurface.Thecontrolofthe

probemovementinthreedirectionsisdonewithpiezoelectricelementswhichprovide
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subatomicpositioning. TwomaintechniquesbelongingtoSPMfamilyare:Scanning

TunnellingMicroscopy(STM),inwhichthetunnellingcurrentbetweenametallictipand

aconductivesurfaceismeasured,andAtomicForceMicroscopy(AFM),whichisbased

ondetectingforcechangesbetweenthetipandthesample.

1.1.1 ScanningTunnelling Microscopy

STMwasthefirstSPMtechniquediscoveredbyGerdBinnigandHeinrichRohrer

in1981atIBMZurich[6]. Thistechniqueusesthequantumphenomenonofcurrent

tunnellingoccurringbetweentwoconductivematerialsintheverycloseproximity.Inthe

measurementabiasVisappliedbetweenthetipandthesampleandthetipisapproached

tothesurfaceatananometricdistance,whichcausesthetunnellingofelectronsthrough

thetip-samplegap. Therelationbetweenthevalueofthecurrentandthetip-sample

distancezhasanexponentialdependencewithanattenuationfactorκinthe̊A−1range.

Thisleadstoahighsensitivityofthistechniqueonthetopographychangesofthesample:

I∝e−2κz (1.1)

where,inasimplemodel:

κ=
2m

h̄2
(
Φtip+Φsample

2
−
eV

2
) (1.2)

withΦtip,Φsamplebeingtheworkfunctionsofthetipandthesample,respectively.STM

measurementscanbedoneintwodifferentways:

•intheconstantheightmode,wherethescanningisdoneparalleltothesurfaceplane

andthedetectedsignalisthetunnellingcurrent(nozfeedbackisused),

•intheconstantcurrentmodeinwhichafeedbackloopkeepsaconstantvaluefor

tunnellingcurrentduringscanning,whileadaptingthetip-substratedistancez.

Duetotheuseofthefeedbackloopandsmallerriskoftipaccidentthesecondmodeis

usedinthemostcasesfortopographyimaging.STMimagesobtainedintheconstant

currentmoderepresentthechangesinthesampletopographyandtheelectronicdensity

ofstatesofthesurface. WithregardtotheprincipleofSTM,theinvestigatedmaterials

arehoweverlimitedtometalsandsemiconductors.Itishoweveralsopossibletostudy

thin(tunnelling)layersofinsulatorsonmetallicsubstrates.
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1.1.2 AtomicForce Microscopy

FollowingthesuccessofSTM,AtomicForceMicroscopywasinventedin1986byGerd

Binnig,CalvinQuateandChristophGerber[7].ComparedtoSTM,thedetectedsignal

intheAFMtechniqueisnotrelatedtothetunnellingcurrentbuttochangesinforces

betweenthetipandthesample.Therefore,thebigadvantageofAFMoverSTMisits

applicationtobothconductiveandinsulatingmaterials.Itisalsopossibletoconduct

measurementsinaliquidenvironment,whichiscrucialforbiologicalstudies.Depending

onthematerialandmodeused,differenttypesofforcescanbedetectede.g.electrostatic,

vanderWaals,chemical,magneticorcapillaryforces.Asaresult,differentimagingmodes

arederivedfromclassicAFM,wherethetopographyisobtained,including:

•ElectrostaticForceMicroscopy(EFM)-usedtoobtainelectrostaticpropertiesof

thesample,forexamplethedistributionofcharges;

•KelvinProbeForceMicroscopy(KPFM)-measuringthesurfacepotential;

•MagneticForceMicroscopy(MFM)-similartoEFMbutmagneticinteractionsare

measuredinstead;

•ScanningNearFieldOpticalMicroscopy(SNOM)-inwhichanopticalprobescans

thesurfaceatthedistanceofafractionofthelightwavelength;

•ScanningIonConductanceMicroscopy(SICM)-usedmostlyforiontransportin

biologicalsystems,inthistechniquethetipisusedasanelectrode.

InAFM,thetipiscollectingtheinformationaboutthesampleineachscanningpoint

througheitherchangesintheprobedeflection(staticmode),orthroughthefrequencyor

oscillationamplitudechanges(dynamicmode).AsinSTM,afeedbackloopisintroduced,

whichkeepstheinteractionsetpointvalueconstant,byregulatingthedistancebetweenthe

tipandthesample.ThreedifferentmodesinwhichAFMcanbedistinguished:contact,

tappingandnon-contactmode.Inthefirstonethetipisallthetimeincontactwith

thesurfaceandtheforcechangescausethedeflectionofthesensor.Inthetappingmode

thetipisoscillatedatafixedfrequencynearitsresonancefrequency,andisperiodically

touchingthesurfaceattheendofeachcyclewhilethetip-surfaceinteractionisprobed

viathereductioninthetiposcillationamplitude.Finally,inthenon-contactAFMthetip

iskeptoscillatingclosetotheresonancefrequencyf0,andthetip-substrateinteraction

ismonitoredviathechangeintheprobeoscillationfrequencyduetothesurfaceforce

field. MostcommonAFMsdetecttheprobedeflectionorvibrationpropertiesviaoptical

deflectionsystems(beamdeflectionorinterferometry). Morerecentlytheuseofpiezo-

electricquartzsensors(withelectricalsignalreadout)becamepopularsinceitenablesto
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operateAFMsatlowtemperaturewithoutintroducingtheheatdissipationassociated

withopticalreadout.

1.2 Frequency modulationnc-AFM

InFrequency-ModulationAFM(FM-AFM)mode,thetipisdrivenwithconstant

amplitude,howeverthechangesintip-sampleinteractionscausetheshiftinfrequency

∆f=f−f0. Thefeedbackloopusesthissignaltodecrease/increasethetip-sample

distanceandkeeptheshift∆fatadesiredsetpointvalue.Inultrahighvacuumenviron-

ment,FM-AFMmodeispreferableduetothepossibilityofhigherscanspeedscompared

toAmplitude-Modulation(AM-AFM)mode[23].Theschemeofthenc-AFMsystemin

FMmodeispresentedintheFigure1.1.Inthesystemthreefeedbackloopsmustbe

used:twoloopsinordertokeepthetiposcillationamplitudeandphaseconstant,and

athirdonetoensureaconstant∆fbyregulatingthetip-sampledistance. Thephase

lockedloop(PLL)usesamplitudeandphaseofdetectedsignaltoobtainthefrequency

fandfrequencyshift∆f=f−f0.Theamplitudeisthenusedbythefeedback,which

comparesitwithdrivingamplitudeanddeterminestherightexcitationvoltagetokeep

itconstant.Inthislooptheinformationaboutthedissipationbetweenthetipandthe

surfaceisobtainedaswell.Inthethirdloop,thefrequencyshiftiscomparedtothe

setpointvalueandthenusedbyZ-controllerinordertoadjusttip-sampledistance.

Figure1.1: Schemeofdifferentfeedbackloopsinnc-AFMmeasurementwithfrequencymodulation
mode.
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1.3 Harmonicoscillator

Themotionofforcesensorcanbesimplifiedwithamodelofaharmonicoscillator

withmassmandstiffnessk,drivenbyanexternal,sinusoidalforce. Withouttip-sample

interaction,themotionequationisgivenby[24]:

m
d2z

dt2
+γ
dz

dt
+kz=F0cos(ω0t) (1.3)

whereω0=2πf0=
k
m
istheresonanceangularfrequencyofthesensor,Qisthequality

factor,γ=mω
Q
adampingcoefficient,F0,ωarethemagnitudeandtheangularfrequency

ofthedrivingforcerespectively. Thesolutionofthedifferentialequationdescribesthe

verticalpositionofthetipz(t)=A0cos(ωt+ϕ),inwhichtheamplitudeandphaseshift

betweenoscillationandexcitationcanbewrittenasfollows:

A0(ω)=
F0/m

(ω20−ω
2)2+

ω20ω
2

Q2

(1.4)

tanϕ=
ω0ω

Q(ω20−ω
2)

(1.5)

Uponinteractionbetweenthetipandthesampleanadditional,distancedependentforce

Fts,mustbetakenintoaccountontherightsideintheEquation1.3.Theforceleads

toaneffectivemodificationofthespringconstantofthecantilever(here,writteninthe

limitofsmalloscillationamplitudes):

k=k−kts=k−
∂Fts
∂z

(1.6)

suchthatthenewfrequencyofthecantileverbecomes:

f=
1

2π

k−∂Fts(z)
∂z

m
(1.7)

Assumingaweakinteraction,wheretheforcegradientismuchsmallerthanthespring

constantofthecantileverkts k,thefrequencyandthefrequencyshiftcanbewritten

as:

f=f0 1−
kts
k
≈f0(1−

1

2

kts
k
) (1.8)

∆f=
−f0
2k

∂Fts(z)

∂z
(1.9)
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Theillustrationofthefrequencycurveforattractiveandrepulsiveinteractionsispresented

inFigure1.2.Thefrequencyshiftisadirectobservableinnon-contactAFMwhichgives

Figure1.2: Amplitudeversusfrequencycurvesfordifferenttypeofinteraction,thecurveisshifted
positivelyrelativetof0forrepulsiveforcesandnegativelyforattractiveforces.

informationaboutthetip-sampleinteraction.However,theproportionalitybetweenthe

forcegradientandfrequencyshiftisvalidonlyforsmallamplitudes,wheretheforce

gradientisassumedtostayconstantduringwholeoscillationcycle. Amoregeneral

expressionbetweenthefrequencyshiftandtheforcecanbeobtainedbyusingperturbation

theory,treatingtheinteractionbetweenthetipandthesampleasaharmonicpotential

perturbation[25,26]:

∆f=
−f0
kA2osc

Ftsz (1.10)

wheretheaverage Ftszmustbetakenoverfulloscillationcycleofthecantilever.Inthe

firstorderapproximation,therelationforfrequencyshift,applicabletoeithersmallor

largeamplitudescanbedescribedasfollows[27]:

∆f=
−f20
kAosc

1/f0

0

Fts(z0+Aosc[1+cos(2πf0t)])cos(2πf0t)dt (1.11)

∆f=
−f20
kAosc

1

−1

Fts(z0+Aosc[1+u])
u

√
1−u2

du (1.12)

wherez0istheminimaltip-sampledistanceandthelasttermundertheintegralisa

kernelfunction,providingutilityofequationtobothlargeandsmallamplitudes. This

functionhastwosingularitiesintheturningpointsu=±1wherethevelocityofthe

tipreacheszero.Forsmallamplitudesitcancelslongdistanceforcecontributionwhich

variesweaklyduringoscillationcycle,whereasforbigamplitudesitguaranteesthatthe
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momentofclosestapproachtosamplehasthebiggestcontributiontomeasuredvalue

ofthefrequency[26]. ThemethodderivedfromAFMcalledforcespectroscopy,relies

onmeasuring∆fversustip-sampledistance,fromwhichtheforcecanbeobtained.The

inversionofequation1.12isnecessarytoobtainthevalueoftheforcefromthemeasured

valueofthefrequencyshiftintheexperiment,nonethelessitisnotatrivialtask.So

far,manytechniquesweresuggestedbyDurig[26],Giessibl[27],SaderandGotsmann

[28].ThemethodproposedbySader[28]canbeimplementedwithbasiccomputational

programmingbutitrequiresanalysingthetip-sampledistanceuntilfreeoscillationregion.

Incontrast,Giessibl’sprocedure[27]needsmorecomplicatedmathematicalalgorithms

butwillgivemoreaccurateresultswhenfreeoscillationregionisnotpossibletoexplore.

1.4 CombinedSTM/nc-AFM

Whenusingaconductivetip,coincidentSTMandnc-AFMmeasurementsarepossible,

i.e.tunnellingcurrentcanbedetectedatthesametimeasfrequencyshiftsignal.Because

oftheoscillationofthetip,thevalueofthetunnellingcurrentchangesperiodically.The

averagevalueofthecurrentcanbedescribedby[29]:

It(z,Aosc)≈
It(z,0)√
4πκAosc

(1.13)

whereκ=
√
2mΦ/̄h,withΦ=(Φtip+Φsample)/2.Fromtheaboveequationwecansee,

thatthemeanvalueofthetunnellingcurrentissmallerifthetipisoscillatingduringthe

measurement.Therefore,whenworkingwithItregulation,thetipmustbeapproached

closertothesurface(comparedtonon-oscillatingtip)inordertokeepthesamevaluethe

tunnellingcurrent.

TocharacterizethecombinedSTM/nc-AFM measurement,afewparametersare

needed:

•springconstantk:fortypicalrectangularcantileversthevaluecanbecalculated

fromthedimensionsandYoung modulusofthe material. Forstiffprobeslike

KolibriorqPlusitcanbedeterminedfromthermalnoiseexperiment[30];thespring

constantforKolibri,givenbytheSPECSis540kN/m[31],howeveritmustbetaken

intoaccountthatKolibriismadeoftwocoupledoscillatorsandtheeffectivestiffness

istwotimesbigger,thatisk=1080kN/m;

•resonancefrequencyf0:itcanbefoundfromthemaximumpeakofamplitudeversus

frequency.ThevalueforKolibrisensorsis≈1MHz;
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•qualityfactorQ:itisdefinedbytheratiooftheenergystoredintheresonatorE

totheenergydissipatedpercycle∆ECL:

Q=2π
E

∆ECL
(1.14)

Thequalityfactorcanbealsodeterminedfromtheamplitudeversusfrequency

curvebydividingf0bytheresonancewidth(FWHM).ForKolibrisensorsthevalue

ofQinultra-highvacuumcanreach100000atlowtemperatures.

•oscillationamplitudeAosc:forsiliconcantileversitisnecessarytouselargeampli-

tudes(ontheorderoftensofnanometers)topreventjump-to-contact,duetothe

smallspringconstantwhichlimitstherestoringforceattheclosestdistancewith

thesurface.Theproblemisovercomewithhighstiffnessprobes;forKolibrioper-

atingamplitudesvaryfrom20to200pm. Theoscillationamplitudespecifiedin

theexperimentspresentedinthismanuscriptisthehalfofpeak-to-peakamplitude

(Aosc=
1
2
App).

•biasvoltagebetweentipandthesampleVbias:similarlytoSTMinnc-AFMitisalso

possibletoapplyabias,oftenthevalueofthebiasischosentobeclosetocontact

potentialdifferencevoltageVCPD,inordertominimizetheelectrostaticforce.

•frequencyshiftofthesensor∆f:isusedasasetpointforAFMimagingwith∆f

regulation,howeverinhighresolutionimagingofmoleculesimagingisdonewith

thezfeedbackloopopenanddetectedsignalisfrequencyshiftoftheprobe.

Thefirstthreeparameters(k,f0,Q)arespecifiedbythechoiceofthesensor,theother

parameterscanbefreelytunedupduringeachexperiment.

1.5 Forcecontributions

InAFM,differenttypesofforcesbetweenthetipandthesamplecontributetothe

totalforcemeasuredintheexperiment.Theycanbedividedintoattractive(withnegative

sign),andrepulsive(withpositivesign)interactions. Thetotalforcedetectedbythe

sensorisacombinationoftheseinteractions,althoughbyvaryingtip-sampledistanceit

canbecontrolledwhichcontributionisdominating.Inultra-highvacuumenvironment,

thetotalforceconsistsofelectrostaticinteractionsFel(bothlongandshortrange),long

rangevanderWaalsforcesFvdWandshortrangeforcesFSRincludingchemicalandPauli

repulsionforces:

Ftot=Fel+FvdW+FSR (1.15)
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Longrangeforcesthatreachtensofnanometersfromthesurfacearedominatedbythe

macroscopicsizeandshapeofthetip.Incontrast,shortrangeforces(distancessmaller

thannanometer)showastrongerdecreasewiththedistanceandonlyfewatomsatthe

tipapexplaythebiggestroleintheinteraction,aspresentedintheFigure1.3. Other

typesofforceslikemagneticforcesorcapillaryforceswillnotbeconsideredhere.

Figure1.3:IllustrationofdifferentinteractionforcesmeasuredinAFMinfunctionoftip-sampledistance
[32].

DependingonthetypeofAFMmode,itispossibletoworkindifferentforceregimes.

Thecontactmodeisperformedintherepulsiveregime,whilenon-contactmeasurements

canbedoneinbothrepulsiveandattractiveregimes.Becauseofthefactthatshortrange

interactionshavethebiggestinfluenceincreatingatomiccontrastinnon-contactAFM,

itiscrucialtoincreasethesensitivityindetectingtheseforces. Thiscanbedoneby

scanningveryclosetothesurfaceandbyusingsmalloscillationamplitudes.Toovercome

theproblemofjump-to-contactwiththesample,highstiffnesscantileversmustbeused,

likelengthextensionalresonators(LER)ortuningforksensors.

1.5.1 Electrostaticforces

Long-rangeelectrostaticinteractionscanbemodelledbythechargedcapacitor,where

thedifferencebetweentheworkfunctionsofthetipandthesampleleadtotheformation

ofaninternalelectricfieldinthecapacitanceatequilibrium.Byassumingthemodelof

aplanecapacitor,theforceactingonthetipcanbewrittenas:

Fel=
1

2

∂C(z)

∂z
(Vbias−VCPD)

2 (1.16)
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whereC(z)isazdependentcapacitance,Vbiasisavoltageappliedbetweenthesample

andthetipandVCPDisthecontactpotentialdifference.Becausetheterm∂C/∂zisneg-

ative(thecapacitancedecreaseswithincreasingzdistance),Felisnegative:electrostatic

capacitiveforcesarealwaysattractive.Felcanbeminimizedbyapplyingabiasthat

equalsthecontactpotentialdifference[33],asdoneinKelvinProbeForce Microscopy

(KPFM).

WhileCPDvaluesmeasuredinKPFMatlargetip-sampledistancescorrespondwell

totheexpectedvalues,atsmallerdistances(lessthan1nm)asignificantdiscrepancyis

observed[34,35]andCPDvaluesbecomeinparticulardistance-dependent.Ithasbeen

shown,thatforsmalltip-sampleseparationsitispossibletoobtainatomicresolutionin

KPFMimages,howevertheoriginofthisresolutionhasbeendebated[36].Previously,

theatomicdistributionofCPDwasassociatedwithimagingoftheelectrostaticforce

distribution[37]orthelocalelectrondensity[38]dependingonthetypeoftheinvesti-

gatedsurface.Theconceptofthelocalcontactpotentialdifference(LCPD)wasinitially

presentedbyWandelt,whichisbasedontheshort-rangevariationofthesurfacepotential

[39].Inrecentworks,theinfluenceoftheshort-rangeelectrostaticforceontheatomic-

resolvedKPFMimageswasstudiedinthecaseofionicsurfacesandanalyticmodelsbased

oftheMadelungpotentialappearingatthesurfacehavebeensuccessfullydevelopedfor

suchsurfaces[40,41,42].

1.5.2 Vander Waalsforces

Vander Waalsinteractionsarelong-rangeforcesthatstemfromdipolemomentfluc-

tuationsandarealwayspresentduringmeasurements.TheseforcesareduetoCoulomb

attractionbetweenelectricallyneutralparticleswheredipolemomentsormomentfluc-

tuationscantakeplace.Theseparticlescanbepermanentdipoles,induceddipolesand

nonpolaratoms.Accordingtothisdivision,differenttypesofinteractionscanbespecified

[43]:

•Keesomforce-betweenpermanentdipoles

•Debyeforce-betweenpermanentandinduceddipole

•Londonforce-betweennonpolarparticles

ThetotalvanderWaalsforcebetweentwoatomsisasumofthesethreecontributions

whereeachscaleswith1/r7,whereristhedistancebetweentwoatoms.Formacroscopic

bodies,theforcecanbecalculatedusingHamakerapproximationwhichassumes,thatthe

interactionisadditiveandnon-retarded[44].Thenetinteractionenergyisobtainedby

integratingtheinteractionoftheatomsofthefirstobjectwithatomsofthesecondone,
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overtheirvolume.Followingthisproceduretheinteractionenergyfordifferentgeometries

canbederivedanalytically.Ifthetipapexismodelledasasphereinteractingwithplane

samplesurface,theforcecanbewrittenas:

F(z)=−
AR

6z2
(1.17)

whereRisasphereradiusandzisthetip-sampledistance.TheinteractionconstantA,

calledHamakerconstantdependsonthetypeofmaterialofthetipandthesampleand

isdefinedas:

A=π2Cn1n2 (1.18)

whereCisaninteractionstrengthandn1,2representsdensitiesofatomsinthefirstand

thesecondobjectrespectively. TypicalvaluesofHamakerconstantareoftheorderof

10−19J[44].

1.5.3 Chemicalforces

Chemicalforcesareshortrangeinteractionsthathavetheiroriginintheoverlapofthe

electronwavefunctionsandtherepulsionoftheioncoresofthetipandsampleatoms[45].

Forthisreason,theactingrangeoftheseforcesisoftheorderofangstroms.Chemical

forcescanbebothattractiveandrepulsive.Theattractiveforceoccurswhentheoverlap

ofthewavefunctionreducesthetotalenergyandcanbecomparedtothebindingofthe

atomsinthemolecule[44].Ontheotherhand,therepulsiveforceisduetotheoverlapof

electronwavefunctionoftheatomsthatstemsfromPauliexclusionprinciple.Todescribe

thechemicalinteractiondifferentmodelscanbeused,includingMorseorLennard-Jones

potentialmodel.Inthelatter,thepotentialbetweenpairofatomscanbewrittenas:

VLJ(z)=−4Ebond[(
σ

z
)12−(

σ

z
)6] (1.19)

whereEbondisabondingenergyandσisthedistancebetweentwoatomsforequilibrium

state. Forthetipandthesamplesetup,theinteractionbetweenmanyatomsmust

betakenintoaccountaswellastheirdisplacementupontheforcewhichwillcause

modificationoftheabovepotential.

Figure1.4showsa∆f(z)curvedoneonthesiliconsubstratewithoscillationampli-

tudeof50pm(peaktopeakamplitudeApp=100pm). Themeasurementoffrequency

shiftsignalinthefunctionofZposition,wherethelongrangeelectrostaticforcewas

compensatedbyapplyingVbiasequallingthesurfacepotential. Thevaluesof∆fsignal

areintherangeofhundredsofmillihertzandtheabsolutevalueofshiftissmallerthan1

Hz,theminimumof∆f(z)ishere≈-550mHz.Inthegraphitcanbeseen,thatdetection
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Figure1.4: Experimental∆f(z)curveonthesiliconsubstratewithVbias=150mVandAosc=50pm
(peaktopeakamplitudeApp=100pm).Onthegraphtheoscillationamplitudeisindicated,showingthe
rangeof∆fdetectedduringimaging.

ofshortrangerepulsiveforcesrequiresworkingwithsmalloscillationamplitudewhere

themeasured∆fsignalduringimagingisonthenegativeslopeofthecurve.

1.6 Imaging molecules

Themostimportantfactorinimagingmoleculesinnc-AFMisthetiptermination.

Whilemacroscopicpropertiesofthetipincludingmaterialorcrystallographicorientation

matter,itisthetipapexwhichhasthebiggestcontributionincontrastformationatthe

atomicscale.Thefollowingtipcharacteristicsaffectthecontrastobtainedonmolecules

andcanalsobedecisiveinachievingsubmolecularresolution:

•Size:asmallsizeoftipapexincreaseslateralresolution,tipdecorationwithsingle

atomsormolecules(CO,Xe,Br)ispreferableinimagingmolecules;thisprocess

calledfunctionalizationisknowntobethebestmethodinobtainingsubmolecular

contrast[15,16].

•Reactivity:toobtainhighresolution,oneneedstooperateinrepulsiveforceregime
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[9],whichinturnrequiresapproachingthetipveryclosetothesurface.Atthesedis-

tancesaninerttipwouldbeneededtopreventdisplacingormodifyingthemolecule.

•Dipole:thechargedistributioninthetipapexmustbetakenintoaccountowing

totheelectrostaticforceactingbetweenthetipandthemolecule,scanningwith

chargedapexwillcausedistortioninAFMimagesduetotherepulsion/attraction

ofthetipwithchargedzonesofthemolecules[14].

•Relaxation:atclosetip-sampledistancestheforcescanleadtorelaxationofthe

tipapexwhichthenresultinartefactsandasymmetriccontrastinimages,often

observedforflexibleCOfunctionalizedtips.Itwasshownthatflexibilityofthe

probeparticleisessentialinimagingsharpcontrastbetweenthemolecules,possibly

causedbycloseproximityoftheatoms[11,46].

Inthemostofstudiesconcerningimagingmolecules,tipfunctionalizationisperformed.

Thisprocess,relyinginattachingmoleculesoratomstotheendofthetipcanbeexecuted

intwoways:eitherinSTMregulationthroughionfieldemissionwhenapplyingvoltage

pulses(duetotheelectricfieldbetweenthetipandthesample)orbymechanicalcontact

betweenthetipandthesamplethatleadstobondcreationandextractionatomfromthe

surface.Regardingthetipterminationdifferentatoms/moleculesareused:

•metalatoms: Au,Agornoblegasatomsthataredepositedonmetallicsurface

(Cu,Au)orinsulatingNaClfilmonmetallicsurface(forexampleNaCl/Cu(111))

[9,15]

•semiconductoratomsSi,Sn,Ge[20,47]extractedfromthesurface

•diatomicmoleculesCO,NO[15,18],CuO[17]alsodepositedonmetallicorinsu-

latingsurfaces

•functionalizationusinglargemoleculesalreadypresentontheinvestigatedsurface

C60[48],CH4[16],pentacene[9],NTCDI[19]

AnexampleoftipfunctionalizationwithXenononNaCl/Cu(111)surfaceispresented

inFigure1.5togetherwiththecomparisonofmoleculeimageswithsubmolecularresolu-

tionobtainedinconstantheightAFMforCOandXetips[15].Inthisprocedure,scanning

isdoneparalleltothesurfaceplanewithzregulationloopturnedoffwhilemeasuringthe

frequencyshiftofthesensor.Thetip-sampledistanceisdecreasedgraduallyuntilahigh

resolutionimageisachieved,withoutcausingunstableimaging.

Inordertounderstandwhichforceregimeneedstobeprobedtoobtainsubmolecular

resolutiononmolecules,differentforcecontributionswereplottedasafunctionoftip-

sampledistance(Figure1.6a).Inthisgraphwecanseethatwhilebeingfarawayfrom
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Figure1.5:TipfunctionalizationwithxenonatomsadsorbedattheedgeofNaClislandonCu(111),a)
beforeandb)afterpickingupXeatomonCutip,scanningparametersI=2pA,V=0.2V.c),d)constant
heightAFMimagesofDBNPmoleculeonCu(111)recordedwithXeandCOtips.Adaptedfrom[15].

(a) (b)

Figure1.6: a)DifferentforcecontributiondetectedinAFMplottedintip-sampledistance,extracted
from[49]b)Mapsoffrequencyshiftabovethepentacenemoleculefordifferenttip-sampleseparation[9]
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thesurface,theelectrostaticandvander Waalsforcescontributemostlytothedetected

signal;thissituationcorrespondstoimagespresentedinFigure1.6b[9],ofnegative∆f

overthemoleculeandpoorresolution.Approachingthetipclosertothesurfaceresults

indetectingrepulsiveshortrangeinteractions;thisinturncorrespondstoimagesFigure

1.6b,wherethefrequencyshiftbecomesmorepositive(withrespecttothesubstrate,for

z=1.4̊A)andsubmolecularresolutionisachieved.IntheAFMimageswithmolecular

bondsresolved,oftenoverallinteractionisstillattractive,howeverthecontributionfrom

repulsiveforceissignificant,suchthathighresolutionisobtained.

1.7 LERsensor

Oneofthebiggestdrawbackofsiliconcantileversisthenecessityofusinglargeam-

plitudesduetothejump-to-contactissue[50]. Therefore,thecapabilityindetecting

shortrangeforcesislimited,asthecantileverspendsonlyasmallfractionoftheoscil-

lationcycleinthelowerturningpointoftheoscillationcycle. Additionally,combined

STM/nc-AFMisnottrivialduetothelimitedconductivityofsiliconcantilevers.These

problemscanbeovercomebyusingstiffprobes,oneexampleofsuchprobesbeingKolibri

(SPECS).Thispiezoelectricquartzsensorbasedonlengthextensionalresonator(LER)

allowsforsimultaneousAFMmeasurementswithdetectingtunnellingcurrent.Itconsists

ofanoscillatingquartzrodwithasmallmetallic(tungsten)tipattachedtoitsend.The

centralpartoftherodissupportedbytwosideframeswithgoldcoatedelectrodesat

theirends.Allthecomponentsareenclosedinametalliccoverusedasasputtershield.

Thespringconstantofthesensoris1080kN/mandtheresonantfrequency1MHz[31].

Theoscillationoftherodiscausedbythepiezoelectriceffect:thesinusoidalbiasUexc

(a) (b)

Figure1.7:a)SchematicsofKolibrisensorfrom[31],b)SEMimageofKolibritip
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isappliedononesideelectrode,whichleadstoperiodiccontractionandextensionofthe

quartzmaterialandthereforeoscillationofthetip.Furthermore,duetothepiezoelectric

effect,chargesareinducedonthesurfaceoftherodandarecollectedasacurrentIoscon

theoppositesideelectrode.Thisaccurrentenablesmonitoringthetiposcillation.The

conductivetipisisolatedfromthequartzresonator,whichresultsinaseparatedreadout

ofthetunnellingcurrentItfromtheoscillationcurrentIosc. Theschemeoftheprobe

withtheirelementsisdepictedintheFigure1.7. Whatisworthpointingout,isthefact

thatKolibriisapurelyelectricalprobeanditdoesnotrequireanyopticalreadout,as

comparedtotypicalsiliconcantilevers.DuetothehighstiffnessofKolibriitispossible

tousesmalloscillationamplitudes(0.02-2nm)andtoapproachthetipveryclosetothe

samplesurface,whichcausesincreasedcapabilityindetectingshortrangeinteractions.

1.8 Noisesources

Innc-AFMmeasurementsthereareseveralnoisesourcesthatlimitthesensitivity.

Themostimportantnoisecontributionsare[51]:

•thermalnoise

•instrumentaldetectionsystemnoise

•frequencydriftscausedbytemperaturechanges

Thermalnoise

Evenwithoutmechanicaloscillationofthetip,thesensitivityislimitedbythethermal

excitationofthesensor. Thefluctuationsinsensordeflectioncanbeconvertedinto

frequencynoise,givenbytheformula[23]:

δfthermal
f0

=
kBTB

πkA2oscf0Q
(1.20)

wherekBisaBoltzmanconstantandBisthemeasurementbandwidth.Usingtherela-

tionshipbetweentheforcegradientandthefrequencyshiftkts=2k·∆f/f0,thisnoise

canbeexpressedasaforcegradientnoiseas:

∆kthermal=
4kkBTB

πA2oscf0Q
(1.21)

ForKolibrisensorqualityfactorQinultrahighvacuumisaround50000atroomtemper-

atureand100000at4K,forqPlussensorQis5000atroomtemperatureandreachesup
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to200000atheliumtemperature.Thermalnoisegradientandothernoisecontributions

forKolibriandqPlusaresummarizedintheFigure1.8.

Figure1.8: ThesummaryofnoisecontributionforbothqPlusandKolibrisensorat4Kand300K.
QualityfactorQtakenforthecalculationsforKolibriis50000at300Kand100000at4K,forqPlus
sensorQis3000at300Kand200000at4K.Theresonantfrequencyandspringconstantis1MHzand
1080kN/mforKolibriand30kHzand1800N/mforqPlusrespectively.Thermalfrequencydriftsat300
K,werecalculatedusingformula1.24,at4Kforbothsensorstherelativefrequencydriftwasassumed
tobe1ppm/K.AllnoisesourceswerecalculatedforB=100HzandAosc=100pm.

Instrumentaldetectionnoise

Thiscontributiondependsonthetypeofsensorusedandthepropertiesofitsde-

flectiondetectionsystem. Oneofthethemostimportantfactorsofdetectionnoiseis

deflectionnoisedensitynq,whichdeterminestheaccuracyatwhichfrequencychanges

canbemeasured.Thefrequencyandforcegradientnoisecanbedescribedwith[51]:

δfdet
f0
=

2

3

nqB
3/2

Aoscf0
(1.22)

∆kdet=
8

3

knqB
3/2

Aoscf0
(1.23)

Forthecalculations,thevaluesofdeflectionnoisedensityweretakenfrom[51],thatis

1.89fm/
√
HzforKolibriand62fm/

√
Hzand31fm/

√
HzforqPlusat300Kand4K,

respectively.

Thermalfrequencydrifts

WhileperformingpreciseAFMexperiments,forinstanceforcespectroscopy,itisim-

portantthatthesensoroscillationiskeptatitseigenfrequencyf0.Thevariationsinthe

temperaturecanleadtochangesineigenfrequency. Thisbehaviourismaterialdepen-
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dent,forsiliconcantileversislinearwithtemperature35ppm/K,whileforquartzbased

sensorshasaparaboliccharacter.InthecaseofLERandtuningforsensorthedriftin

eigenfrequencychangesquadraticallywiththetemperature,withparabolacentredatthe

turnovertemperatureTP:
δfsensor
f0

=χ(T−TP)
2 (1.24)

Wherecoefficient χ=35×10−9K−2.Theturnovertemperaturedependsonthecrystal

cut,forKolibrisensorisusually≈313K,whileforqPlus≈298K.Thenoiserelatedto

thistypeofdriftexpressedinforcegradientis:

δktsdrift=−2kχ(T−Tp)
2 (1.25)

Therelation1.24isvalidonlyaroundturnovertemperatureTp. Adetailedanalysisof

frequencydriftswasdonebyPielmeier[52]forLER,tuningforkanddifferentgeometries

ofqPlussensorsintherange4.8-48K.InthecaseofLERsensortherelativefrequency

driftis≈-0.46ppm/KwhileforqPlusgoesupto≈-1.69ppm/K(dependingonthe

geometry).

1.9 Ourexperimentalsetup

AlltheexperimentspresentedinthismanuscriptwereperformedwithaJoule-Thomson

(JT)ScanningProbeMicroscope(SPECS),workinginultra-highvacuum(UHV)atlow

temperature,downto1.2K,thankstoaJoule-Thomsoncoolingstage.Also,thereisa

possibilityofusingmagneticfieldofmaximum3T.

Thesystemconsistsofthreechambers:loadlock,preparationandanalysischamber

separatedwithgatevalves.Inthetwoformerchamberstherearemanipulatorsthat

enablethetransferofthesamplesandtipsbetweentheindividualchambers.Thepressure

obtainedintheloadlockisoftheorderof10−8mbar,whereasforpreparationandanalysis

chambersisabout2×10−10mbar.

Loadlock

Thischamberisusedforintroducingandtakingoutthesamplesfromthesystem.The

load-lockdoorissealedwithavitongasket,thisiswhytheminimalpressureobtainedis

10−8mbar.

Preparationchamber

Thepreparationchamberissituatedbetweenload-lockandanalysischamberandas

itsnameimplies,isusedforpreparationofthetipsandsamples.Itisequippedwithan
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Figure1.9:ImageofJTUHVsystem

ionsputtergunforbombardingwithhighenergyargonionsandaheatingstageusedfor

annealingthesamples. Moreover,itcontainsaKnudsencellevaporator(Kentax3-cell

TCE-BSC)usedfordepositionofthemolecules.

Figure1.10:Photoofthepreparationchamberwithionsputtergunandheatingstage

Analysischamber

InthischamberJTmicroscopeissituated,withthesamplestagemountedbelow



24 1.Introduction

liquidheliumbathcryostatandsurroundedbyanothervesselwithliquidnitrogen. On

theouterLN2shieldtherearefourparkingpositionsusedforthestorageandcoolingthe

samplesbeforeintroducingthemintothemicroscope.Theminimaldriftvaluesfoundin

X,Ydirectionswere≈150pm/h,whereasinZdirection≈200pm/h.

1.10 Tippreparation

AfterintroductioninUHV,Kolibritipsarecleanedbysputteringduring15-30min

with3keVargonions,underthepressureof1-2×10−5mbar. Subsequently,tipsare

sharpenedbyconditioningduringscanning,throughbiaspulsesandtipindentationsin

thesurfaceinordertoobtainsharpformandsmallapexofthetip.Inthecaseoftip

crashonthesurface,benttipswerepossiblyrecoveredusingFIB(FocusedIonBeam)

techniquepresentintheNanofabricationCleanRoomofIEMN.Anexampleofabent

tiprecoveredwithFIBispresentedintheFigure1.11.

(a) (b)

Figure1.11:SEMimagesofKolibritipa)beforeandb)afterrecoverywithFIB

1.11 Samplepreparation

1.11.1 Si(111)-(
√
3×
√
3)R◦30-B

Siliconcrystallizesinadiamondstructure,whichisformedbytwofacecenteredcubic

(fcc)latticesshiftedwithrespecttoeachother. Thesizeofthecubesidemeasures

a=0.543nm,whilethedistancebetweentwoneighbouringsiliconatomsis0.235nm(see

Figure1.12a).
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(a) (b)

Figure1.12:a)Diamondstructureofasiliconmadeof2fcclattices,adaptedfrom[53],b)structural
modelofSi-Bsurfacereconstructionfrom[54]

InSi,atomsinthebulkhavefourneighbours,whiletheSi(111)surfaceatomshave

onlythree.Therefore,eachofthesurfaceatompossessesanunsaturatedbondoriented

perpendicularto(111)surfaceplanecalleddanglingbond(DB).ThepresenceofDBsis

responsibleforahighreactivityofthesurface,suchthatdepositedmoleculeswillform

stronginteractionwiththesubstrate,hinderingtheassemblyprocess.Suitabletreatment

ofsiliconhighlydopedwithboroncanovercomethisproblembypassivatingthesurface

DBs. Duringtheannealingofthesample,theborondopantsmigrateandstayinthe

subsurfacelayeratsocalledS5sites,directlybelowsiliconadatoms(T4sites)[3](See

Figure1.12b).Sinceboronhasonlythreevalenceelectronsitcancatchanextraelectron

fromthedanglingbondofsiliconadatomabove.ThisresultsinthepassivationofDBs

ofoutersiliconlayerandininertnessofthesurface.Inourexperimentsweusedsilicon

wafershighlydopedwithboronwithresistivityof0.001Ω.cm. Beforeintroductionin

UHV,thesampleswerefirstlycleanedwithhydrofluoricacid(HF)andthentreatedwith

UVozonefor15mininordertogrowaproperoxide.Subsequently,inUHVsystemthe

samplewasmountedinaspecialholderandthenplacedinthedirectheatingstage(in

thepreparationchamber)whichallowstoheatthesubstratesthroughJouleeffect,where

thepassingcurrentoverthesamplecausestheriseofitstemperature.Thepreparation

wasdoneinthefollowingsteps:

•Firstlythesamplewasslowlyheatedupto900◦Cinordertodegasthesampleand

removetheoxidelayer(around700degC)

•Severalflashesweredone(10-15flashes)until1200◦Ctoremovethecontaminants

ofcarbonandtoreconstructthesurface
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•Thetemperatureof900◦Cwaskeptforfewhourstoallowborondopantssegrega-

tiontothesurface

•Thetemperaturewasfinallydecreasedslowlytokeepsufficientmobilityofsilicon

adatom

Si(111)-(
√
3×
√
3)R◦30-Breconstruction

Thepreparationprocessleadstothemigrationofboronatomstothesurfaceandthe

creationofSi(111)-(
√
3×
√
3)R◦30-Breconstruction,rotatedby30◦totheunitcellof

bulk(111)structure. Thedistancemeasuredbetweentwosurfaceadatomsis0.66nm

whichisinaccordancewithatheoreticalvalue.Forthesakeofsimplicitythissurface

reconstructionwillbenamedasSi:Binthemanuscript.

1.11.2 Depositionof molecules

Sublimationofthemoleculesandtheirdepositiononthesubstratesisdoneusingevap-

oratorKentax(TCE-BSC)placedinthepreparationchamber.Theevaporatorconsists

ofthreequartzcrucibleswithashuttermountedontop,whichservesforopeningand

closingindividualcells.Alsoitispossibletomakeco-depositionofthesubstancesintwo

orthreedifferentcrucibles.Themoleculesinthecruciblesareintheformofapowder

whichisheatedusingtungstenwiresuntilthesublimation.Thetemperatureismeasured

byathermocoupleandregulatedbythepowersupply.Theevaporatorismountedona

lineartranslationstage(170mm)behindagatevalve,allowingloadingmoleculeswith-

outventingthepreparationchamber. Beforeevaporationofmolecules,thecrucibleis

degassedslowlyuptothesublimationtemperature,inordertoremovethewaterand

solventsusedinsynthesisprocessandkeepingcorrectlevelofpressureinthepreparation

chamber. Whenthesublimationtemperatureisreached,theshutterisopenedandthe

moleculesaredepositedonthesampleplacedexactlyinfrontoftheevaporator(per-

pendiculartomoleculeflux). Duetothedifferenceinthesublimationtemperaturesof

moleculesused,thecoolingsystem(withwater)isinstalledtopreventtheriseofthe

temperatureintheotherscruciblesduringtheheatingandevaporation.Inthisthesis,all

evaporationshavebeenperformedatsamedistance(around15cm)andperpendicular

tothemoleculefluxinordertoprovidesimilarevaporationconditionsandincreasethe

reproducibilityofobtaineddepositions. Twomoleculesinvestigatedinthisthesiswere

providedandsynthesizedintheresearchgroupofFŕed́ericCherioux(FEMTOST):

•CDB-Imolecule(nameinthemanuscript):1-(4’cyanophenyl)-2,5-bis(decyloxy)-4-

(4’-iodophenyl)benzene

•CDBmolecule:1,4bis(4’cyanophenyl)-2,5bis(decyloxy)benzene
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1.12 Topographyimaging modes

InthisthesisbothSTMandnc-AFMmeasurementswereperformed,withmostoften

theSTMprecedingtheAFMexperiment.Twodifferentimagingmodesimplementedare

shownintheschemesoftheFigure1.13.STMimagingisdonewithconstantcurrentIt

regulation,suchthatthetipfollowstheprofileofconstantdensityofstates(oftencalled

STMtopography).Furthermore,thetiposcillationisactivated,sothesetpointisamean

valueofthecurrentduringoneoscillationcycle. Afterwards,inordertoperformAFM

measurementsthez-feedbackloopisopened,thebiasonthesampleVsisreducedandthe

scanningisdoneintheconstantheightmode.Itmeansthatthetipisscanningparallelto

thesurfaceplaneandthedetectedsignalisafrequencyshiftofthesensor.Subsequently,

thetipisapproachedslowlytothesample(withstepsof10pm)untilahighresolution

imagingisachieved.

(a) (b)

Figure1.13: Imagingmodesusedintheexperiments,a)STMwithconstantcurrentregulation(z
feedbackclosed),b)AFMconstantheightmode(zfeedbackopen)

1.13 Spectroscopy methods

Inordertogetdeeperinsightintopropertiesandinteractionmechanismsofinvesti-

gatedmolecules,differenttypesofspectroscopieswereperformedinthiswork:

•frequencyshiftversusbias∆f(Vs)

•tunnellingcurrentversusbiasIt(Vs)

•frequencyshiftversusdistance∆f(z)

Ineachspectroscopyatfirst,thetipispositionedatthecertainplaceofthesample

andthentheZ-feedbackloopisturnedoffduringthespectroscopymeasurements.During

thespectroscopyexperimentsotherparameterscanbealsorecorded,includingamplitude,

phaseorexcitation.
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1.13.1 Frequencyshiftversusbiasspectroscopy

Modellingthetip-samplesystemasametalliccapacitance C(z),wecanwritethe

formulaforgradientofelectrostaticforceas:

∂F

∂z
(z0)=

1

2

∂2C(z)

∂z2
(Vbias−

∆Φ

e
)2 (1.26)

where∆Φ=Φsample−Φtipisthedifferencebetweenworkfunctionsofthesampleand

thetip. Withthepresenceofchargesinthetip-samplecapacitance,anadditionalterm

oftheelectrostaticpotentialVQ(z)mustbetakenintoaccountintheequation:

∂F

∂z
(z0)=

1

2

∂2C(z)

∂z2
(Vbias−

∆Φ

e
−VQ(z))

2 (1.27)

CombiningEquation1.27and1.9leadstotherelationbetweenfrequencyshiftsignal

andthebias:

∆f=−
f0
2k

∂2C(z)

∂z2
[(Vbias−

∆Φ

e
)2−2(Vbias−

∆Φ

e
)VQ(z)+VQ(z)

2] (1.28)

Thespectroscopy∆f(V)experimentconsistsinrecordingfrequencyshiftinfunctionof

appliedbiasonthesample;fromthemaximumoftheparabolawecanobtaininformation

aboutthecontactpotentialdifferenceandthechargespresentinthesample.Thedifferent

signalcontributionscanbedissociatedusingspectroscopicanalysisofthe∆fsignal[55].

IntheEquation1.28threedifferentsignalcontributionsappear:aquadratic,alinear

andaconstanttermwithsamplebias.Importantly,themodelofcapacitorappliedhere

treatthesampleandthetipascontinuous-likemetallicbodies. Atshorttip-sample

distances,anothermechanismneedstobeincluded,involvingmostlypolarizationeffects.

Inthatcase,anadditionalterm,withalineardependenceonthesamplebiasshouldbe

considered,whichstemsfromtheshortrangeelectrostaticforce[40,56,57].Thislinear

effectcanbephenomenologicallyincorporatedintotheequations1.27and1.28aspartof

VQ(z)andthus,betakenintoaccountthoughaparabolicanalysisof∆f(V)spectroscopic

curves(seeherebelow).AtypicalspectroscopiccurveispresentedintheFigure1.14.

1.13.2 Tunnellingcurrentversusbiasspectroscopy

Usingscanningtunnellingspectroscopywecanobtaintheinformationabouttheelec-

tronicpropertiesofthesystemonthenanoscale.Inordertoobtainthevalueofthe

tunnellingcurrentbetweenthemetallictipapproachedtothesampleatthedistanced

theintegrationofthetransmissioncoefficientofthetunnellingbarriermustbedoneby
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Figure1.14:Frequencyshiftversusbiasspectroscopycurvepresentingparaboliccharacter.Thespec-
troscopywasdoneonSi:Bwithoutz-regulation,withAosc=50pm.Intheplot,violetcrossescorrespond
toexperimentaldatapoints,thefittedparaboliccurveisindicatedongreen.Inthegraph,theinstru-
mentaloffsetin∆fsignalisobservedduetothefrequencythermaldrift.

alltheenergystatesEfrom0toeV[58]:

I=
eV

0

T(E,eV)ρtip(E,eV)ρsample(E)dt (1.29)

whereρtip,ρsamplearethelocaldensitiesofstatesofthetipandthesampleandeVisthe

biasappliedtothesample.ForsmalleVwecanassumethatρtipandTstayconstant,

suchthatthecurrentwilldependmostlyonthelocaldensityofstates(LDOS)ofthe

sample.Differentiatingthetunnellingcurrentbythebiasleadsto:

dI

dV
∝ρsample(eV) (1.30)

wherethederivativeofthecurrentisproportionaltothelocaldensityofstatesofthe

sample.Theshapeofthemeasuredderivativeisindependentontip-sampledistance,by

changingthepolarityoftheappliedbiaswecangetinformationaboutbothoccupiedand

emptystatesofthesurface.

1.13.3 Frequencyshiftversusdistancespectroscopy

ThisspectroscopyisanequivalentofaforcecurveperformedincontactmodeAFM.

Theprocedurereliesinmeasuringfrequencyshiftsignalwhiledecreasingthedistance

betweenthetipandthesample. Mostoften,thespectroscopicmeasurementcontains

twocurves,forapproachandretract∆fmeasurements. Duringtheexperiment,itis

commontoapplythebiasonthesamplewhichisequaltothesurfacepotentialinorder
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tocompensatecapacitivelongrangeelectrostaticforces. Moreover,itisrecommended

tostartimagingafterthespectroscopytocheckanypossiblechangesofthetip. Asa

signaloffrequencyshiftisanobservablemeasuredinnc-AFMmeasurementitmustbe

thenconvertedtotheforce.Therehasbeenseveralmethodsofextractingtheforcefrom

spectroscopy∆f(z),whicharementionedinthesection1.3ofthismanuscript.

DuetothefactthatKPFMistheprincipaltechniqueusedfortheelectricmeasure-

mentspresentedinthiswork,∆f(V)spectroscopyanddifferentsignalcontributionswere

describedindetails. Otherspectroscopytechniques:I(V)and∆f(z)wereexplained

shortlyaswellbutwillnotbeusedsystematicallyintheworkpresentedhere.

1.14 Summary

Inthisintroductorychaptertheprinciplesofmainscanningprobetechniqueshave

beenexplained,includingSTMandAFM.Theoscillatormodelfortip-samplesystem

wasdescribedandthemostimportantparameterscharacterizingnc-AFMexperiment.

Theintroductiontoimagingmoleculeswithhighstiffnesprobes:KolibriandqPluswas

doneaswell.Inthesecondpartofthechaptertheexperimentaldetailsofmeasurements

havebeenpresented.Inthelastsectiondifferentspectroscopymethodswereexplained

withaparticulerfocuson∆f(V)spectroscopy,whichisthemaintechniqueusedinthis

work.InthenextchapterKPFMmeasurementsonSi:Bdefectsarepresentedwiththe

objectiveofdetectingsinglechargeusingKolibriprobe.
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Chargedetectionof

Si(111)-(
√
3×
√
3)R◦30-Bdefects

Inthischapter,chargespectroscopymeasurementsperformedondefectsofboron

dopedsiliconsurfacesarepresented. WeareinterestedinthepossibilitytouseKolibri

sensorstodetectsinglechargesusing∆f(V)spectroscopyat4K,andinthehigh-resolution

imagingofsuchcharges.TheSi:Bsurfaceconstitutesaninterestingexampleofasurface

withseveraldefectscharacterizedwithdifferentchargestates,whichhavebeenpreviously

studiedwithSTM[59,60,61].Theonlync-AFMworkpresentedsofardealswithLCPD

measurementsobtainedaspoint-spectroscopyasafunctionoftip-sampledistance[62],

howevertheinformationaboutthelateralvariationofthesurfacepotentialabovesurface

defectsismissing.Inourexperimentsweobserveandmapthechargestatescarried

byeitherSidanglingbonds,buriedionizedborondopantsandSivacancies,whichfallin

accordancewithpreviousSTMandtheoreticalstudies.Adetailedanalysisofspectroscopy

measurementspermitstheobtentionofmapsofthesurfacepotential,togetherwithmaps

ofcapacitanceandvander Waalssignals. Theeffectofthetunnellingcurrentonthe

sensorfrequencyshift,knownas“phantomforce”,isstudiedaswell[63,64],andleadsto

thedetectionofadditionalfrequencyshiftfeaturesinthe∆f(V)spectroscopy.

SpectroscopyexperimentswerepreviouslyrealizedwithqPlussensorsonsinglegold

atomsdepositedonNaCl/Cu(111)substrate[13,21]. Thesemeasurementsincludedthe

determinationandthemanipulationofachargestateofanatombytheuseof∆f(V)

spectroscopy.AlthoughbothqPlusandKolibrisensorsbelongtofamilyofquartzsensors

characterizedbyahighstiffness,notmanystudieswerepresentedwiththelatter.The

highstiffnessoftheLERsensor(k’=1080kN/m)laysbeyondtheoptimalkforhigh

sensitivityanditisstillatissue[51].Theresultspresentedinthischapterwilltherefore

serveastestofsensitivityinchargedetectionbyKolibrisensor.Theyshowthatsingle

chargeeventdetectionandsinglechargemappingisnotanissueforsuchhigh-stiffness
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sensors.

2.1 PreviousSi:Bstudies

Thesurfaceofborondopedsiliconisofparticularinterestduetothepassivation

ofsilicondanglingbondsandthereforechemicalinertnessofthesurface.Inabsenceof

surfacedefects,theelectronicstructureofamoleculedepositedonthissurfaceishardly

perturbedanditsinteractionwiththesubstrateconsistsofvander Waalsforcesrather

thancovalentbonding.Duetothisfact,Si:Bhasservedinthelastyearsasasubstrate

forthegrowthofmanysupramolecularnetworksthathavebeenextensivelystudiedwith

STM[65,66,67,68].

Thepassivationofasurfacesiliconatombyanunderlyingboronatomcorrespondsto

anelectrontransferfromthesiliconatomdanglingbondtotheboronatom,andresults

intheformationofasurfacedipole. Theoccasionalabsenceofaboronatomunder

asurfacesiliconatomleavestheDBunpassivated,whichisoneofthemostlystudied

defectsofthissurface.ItgivesrisetoaprominentbrightcontrastinSTMimagesfor

bothoccupiedandemptystates,whichmakesiteasytodiscriminateitfrompassivated

adatoms. Thedanglingbonddefectisassociatedwithanelectronicstatelocatedin

thebandgapoftheSisurface,withapositionof≈0.6Vfromthevalenceband(as

observedinSTMspectroscopy).Ithasbeenshownthatthisstateisabletosupport

largetunnellingcurrents,evenmorethan1nA[59]. Toexplainthisphenomenon,the

mechanisminvolvingtheelectronrecombinationwithholesfromtheacceptorbandwas

proposed,inwhichtheexcessofenergyisreleasedinformofvibrationofthesurface

siliconadatom.IntheFigure2.1(a)theschematicsoftheelectrontransfertotheDB

isshown,correspondingtotransitionfrompositivelychargedtoneutralDBstate(+/0).

ThevibrationalstatesareobservedinthedI2/dV2spectroscopywithaseparationof

31±3mVbetweenadjacentpeaks(Figure2.1(b)).InordertoobtaintheDBnegatively

charged,thetunnellingbarriermustbefurthermorereduced,allowingthetransferof

secondelectron.ContinuousoccupationofDBstatecanbeprovidedbysaturatingthe

tunnellingcurrentinthedI/dVspectroscopywithkeepingtheconstantvalueoftunnelling

current.Itallowsinturnapproachingthetipclosetothesurfaceandleadstoobservation

thesecondpeakindI2/dV2curve,correspondingtothetransferofsecondelectroninthe

DB[61].

AnotherdefectobservedinSTMimagesisa“buried”borondopantlocatedinlayers

underthesurface.Becauseofhighdoping,theholesarenolongerlocalizedonboronatoms

evenatlowtemperature,thereforetheburiedborondopantsarenegativelycharged.This

chargecausesbandbendingatthesurfaceandlocallychangesthetunnelbarrierinSTM
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(a) (b)

Figure2.1: a)Energydiagramspresentingtheprocessofelectrontransferfromthetiptodangling
bond(1)andelectronrecombinationwiththeholefromtheacceptorband(2).b)Spectroscopycurvesof
dI2/dV2obtainedonDBatomfromtheexperiment(blackcurve)andcalculated(redcurve),thevertical
linesindicatethevibrationalstates.Thespectroscopywasdoneat5K,withparametersofVbias=1.5V,
It=500pA.Adaptedfrom[59].

imaging[68].Itgivesrisetoadarkorbrightblurrycontrastforemptyandoccupied

statesrespectively(shownintheFigure2.2),whichintensitydecreaseswiththedepthof

thedopant.ByanalysingtheformofSTMcontrastitwaspossibletodefineinwhichlayer

theboronatomislocated,startingfromfourthlayerunderthesurface.AstheSTMgives

localinformationofthesurface,othertechniqueswerealsousedtoobtainmacroscopic

results.FromtheNEXAFSstudiestheinformationaboutpositionofboroninsubsurface

layerwasacquired[69].Thelocationofborondopantshighlydependsonthepreparation

ofthesurface,includingthetemperatureofsampleflashing[70].IntherecentSTM

studiesofSi:Bsurfaceithasbeenshownthatitispossibletoswitchthechargestateof

asinglesiliconadatombyapplyingsmallbiaspulse[54]. Eachsiliconadatomonthis

surfacehastworeversiblechargestates-normalandbrightone.Theformercorresponds

topassivatedsiliconatomwhilethelattertotwoelectronboundstatewithdisplacement

ofsiliconadatomfromthesurfaceplane. Thisnegativelychargestatepresentsbright

contrastintheSTMimages,similartodanglingbonddefect,howeverinSTSshowsa

peakinthebandgapatE=0.84eV,whichallowsitsidentification.Ithasbeenalsoshown

aswellthatthebrightatomstateisquitestableat78Kandcanwithstanduptotwo

days[54].

Concerningnc-AFMstudiesoftheborondopedsiliconsurface,anextensiveworkhas

beenrealizedbySpadaforaetal.[62]inwhichdifferentdefectswereinvestigated,including

DB,buriedborondopantsandsiliconvacancy.ThisworkwasrealizedwithqPlussensor
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Figure2.2:STMimagespresentingchangeincontrastofborondopantsfora)Vbias=-0.4V,b)Vbias=2
V,bothimagesdonewithcurrentsetpointof1nA.Energydiagramsandeffectoftip-inducedband
bendingcausedbynegativelychargedopantsforc)occupiedandd)emptystates.Imagesextractedfrom
[68].

attemperatureof4K,andpermittedtheidentificationofdefectsintheconstantheight

frequencyshiftimages. Apartfromthetopographycontrast,theforcespectroscopies

wereperformedwhichconsistedinrecording∆f,Itanddissipationsignalsasafunction

ofthetip-sampledistance.Shortrangeforceswerecalculatedfrom∆fsignals,inorder

tostudythereactivityofdifferentsurfacesites.Fromtheresultsobtained,theDBdefect

showedthebiggestreactivitywithforcevalueof≈0.8nN[62]. Boroninsubsurface

layerswerefarlessreactive,withamaximumforceof≈0.2nNalthoughthevalue

dependedonthedepthofthedefect.Additionally,LCPDmeasurementsasafunctionof

thetip-substratedistancewererealizedaboveDB,andregionswithsmallerandhigher

tunnellingcurrent(dependingwhethersmallerorbiggeramountofborondopantsare

locatedunderneath).AtcloserdistancesVCPDvaluesstarttodifferbetweenthedefects

andpresentthehighestdifferenceforDBbutalsosignificantdifferencebetweenregions

ofhigherandlowertunnellingcurrent(correspondingtobrightanddarkzonespresented

intheinsetoftheFigure2.3a),∆VCPD≈40mV.Therefore,thearrangementofthese

defectscaninfluencetheassemblyprocessofmoleculesdepositedonthissurface[62].

Recently,thesurfaceofborondopedsiliconhasbeenusedtodemonstratethepossibility

oftipfunctionalizationwithsiliconatom[20].TheprocesswasdonewithaKolibrisensor

tipbymeansofacontrolledindentationinthesurface. Thesinglesiliconadatomwas

successfullyattachedtothetipwhichresultedinincreasedresolutionintheconstant

height∆fandItimages.Toconfirmtheeffectivenessoftheprocedurethevacancywas
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Figure2.3:a)LCPDmeasurementsinthefunctionoftip-sampledistancezfordanglingbond,bright
anddarkregionsintheItmap(correpondingtothezonesofhighandlowtunnellingcurrent),intheinset
Itmapextractedfromconstantheightimage.b)Increaseinresolutionin∆fandItafterpicking-up
asiliconatomfromthesurfaceshowninb),imagesdonewithVbias=-10mV.Redarrowdisplaysthe
positionofSiatomusedforfunctionalizationprocedure,greenandbluecirclesindicatethepositionsof
atomsbeforeandafterfunctionalization.Theimagesshownina)extractedfrom[62],b)from[20].

observedintheplaceofindentationwiththreeunderneathsiliconatomsinthefirst

subsurfacelayer,asshownintheFigure2.4. ThehighresolutionachievedwithSitip

makeitapromisingcandidateoftiptermination,whichiscrucialinimagingmolecules,as

comparedtomostfrequentlyusedcarbonmonoxidefunctionalizationonmetallicsurfaces.

Figure2.4: a)ThemodelofSi-Bsurfacefirstbilayerwithsiliconvacancy,b)thesamemodelfrom
thetopviewshowingthreesiliconatomsinthesubsurfacelayer(indicatedwithyellow)andboronatom
(indicatedwithgreen).Increasedresolutionaftertipfunctionalizationwithsiliconatominc)frequency
shiftandd)tunnellingcurrentimagefromAFMmeasurement.Adaptedfrom[20].



36 2.ChargedetectionofSi(111)-(
√
3×
√
3)R◦30-Bdefects

2.2 IdentificationofdefectswithSTMandAFM

DuringthepreparationoftheSi(111)-(
√
3×
√
3)R◦30-Breconstruction,thesampleis

keptat900◦Cduringseveralhourstoallowthesegregationofboroninthesubsurface

layerandpassivationofsilicondanglingbonds. Nevertheless,onthelargescale,the

surfacereconstructionisnotperfectanddifferenttypesofdefectscanbefound.Figure

2.5showsSTMimagesofSi-Bsurfaceforemptyandfilledstateswithdifferentdefects

indicated. Thefirstnoticeabledefectintheemptystateimageisabrightprotrusion

with’flowery’shapewhichstaysbrightinthefilledstateSTM,howeversurroundedby

adarkercontrast(indicatedwithbluecolourin2.5). Thisdefectcorrespondstonon-

passivateddanglingbond,causedbytheabsenceofboronunderneaththesiliconadatom

(siliconatominS5site).ThedarkhaloaroundtheDBin2.5(b)wasformerlyassociated

withCoulombinteractionbetweentheholesandchargedDB[60].Anotherdefect,giving

adarkercontrastin2.5(a)isaburiedborondopant,locatedinadeepersubsurface

layer,startingfromfourthlayerundersiliconadatomplane. Dependingonthedepth

ofthedopant,thecontrastinSTMvaries,givingrisetoabrightblurrycontrastinthe

filledstateSTM.Athirddefect(indicatedwithyellowcirclein2.5),intheformofdark

adatomintheemptystateSTMcorrespondstosiliconvacancy. Thecontrastofthis

defecthasahexagonalbrightforminthecorrespondingfilledSTMimage. Moreover,

wenoticethepresenceofadditionalirregulardefects,alsochangingtheircontrastin

filled/emptySTMimages,thatweassociatewithsurfaceadsorbates(seee.g.thedefect

markedwithablackcircle). Figure2.6showsanAFMexperimentperformedinthe

(a) (b)

Figure2.5: STMimagesoftheSi:Bsurfacereconstructionpresentingdifferenttypesofdefectsfor
a)emptystates(Vbias=1.5V,It=10pA)andb)filledstates(Vbias=-0.5V,It=10pA).Oscillation
amplitudeAosc=100pm.Defectsareindicatedwithdifferentcolours:danglingbond-blue,buriedboron
dopant-green,vacancy-yellow,adsorbates-black.
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constantheightmode,ofthesamezoneasintheSTMimagesofFigure2.5.Priorto

AFMimaging,thetipwasliftedby500pm,thesamplebiaswasgraduallyreducedto0

Vandtheoscillationamplitudewasdecreasedto50pm.Subsequently,thetipwasslowly

approachedtothesurfaceuntilatomicresolutionwasobtained. Besidesthefrequency

shiftsignal,differentparameterswereregisteredaswell,includingphaseandexcitation,

asshownin2.6(a)-2.6(d).Despitezerobiasappliedonthesample,aresidualsignalwas

(a) (b)

(c) (d)

Figure2.6:AFMimagesofSi:Bsurface(thesamezoneasintheFigures2.5)doneinconstantheight
modewithAosc=50pm,Vbias=0Vanddifferentexperimentalchannels:a) ∆f,b)It,c)phase,d)
excitationchannel.

alsodetectedintunnellingcurrentchannelpresumablycausedbyasamplebiasoffsetat

theelectronicsoutput.ItallowsforadditionalidentificationofdifferentdefectsfromSTM

view.Aresidualcurrentofmaximum18.5pAwasmeasuredintheimage,whichserves

hereexclusivelytocomparethecontrastondifferentdefects.Thefrequencyshiftsignal

measuredabovenormalsiliconadatomsisnegative,indicatinganattractiveforceregime

inwhichthetipwasscanning.IntheAFMimageswerecognizedifferentdefectsdescribed

above.Foradanglingbond,frequencyshiftcontrastismorenegativeandthevalueof
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tunnellingcurrentishighercomparedtopassivatedadatoms,It≈20pA.Theabsenceof

adatomissightedforsiliconvacancyin∆f,givingaroundshapedcontrastinItimage.In

thecaseofburiedborondopantnovariationofsignalisdetectedin∆fchannel,probably

owingtotheweakinteractionbetweenthetipatzerobiasandthedefectlocateddeep

underthesurfaceplane.Nonetheless,foratomswiththesame∆fcontrast,wedistinguish

differentregions,showingsmallerorhighertunnellingcurrent.Thisvariationsarecaused

bychangesinelectronicproperties,stemmingfromdifferentdepthandorganisationof

borondopantsunderthesurface[62]. Weobservetheadsorbentdefectsaswell,presenting

brightcontrastinboth∆fandIt,duetogreaterheightcomparedtootherdefects.

2.3 Singlepoint∆f(z)spectroscopy

SpectroscopymeasurementsweredoneintheconstantheightmodewithZ-feedback

loopopen,similarlytoAFMimaging.Thespectroscopyreliedinmeasuringthefrequency

shiftsignalinfunctionofthesamplebiasapplied,atthefixedz-position.Additionally,

otherexperimentalparameterswereregisteredduringthesweep,includingtunnellingcur-

rentandexcitation,whichprovidemoredetailedinformationaboutthedefect. Before

themeasurement,thetipwasliftedby150-250pmfromAFMscanningconditions(de-

pendingonthemeasurement),soasnottopasstoomuchcurrentthatwouldperturb∆f

signal. Moreover,itallowedtoincreasetheoscillationamplitudeinordertoreducethe

noisein∆fsignal.TheexampleofaspectroscopiccurveispresentedintheFigure2.7.

Figure2.7: Spectroscopy∆f(V)curveabovepassivatedsiliconadatom. Spectroscopyexperimental
points(bluecrosses)showingparabolicdependence(fitcurveinviolet).

Consideringaparallelplatecapacitormodeloftip-samplesystemleadstorelationof

thefrequencyshiftsignalbeingproportionaltothesecondderivativeofthetip-sample
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capacitanceandwithparabolicbehaviourwithsamplebias.Themodelhasbeendescribed

inthesection1.13.1.Parabolicfunctionincanonicalform∆f=A+B×(Vbias−Vs)
2

wasfittedtoexperimentaldata,whichpermitteddirectaccesstocontributionsofvander

Waals,capacitanceandsurfacepotentialrespectively.Theanalysisof∆f(V)signalleads

tothreedifferentinformation:

•surfacepotentialVs-thisvaluecorrespondstothebiasatthemaximumof∆f(V)

function(vertexoftheparabola).Vscontainsboththeinformationaboutthetip

andthesampleworkfunctionsdifference,aswellasadditional(local)electrostatic

contributions(forexample,alocalcharge).Thislastcontributionwasdescribedas

VQ(z)intheequation1.28,

•capacitance-representedbytheconcavityoftheparabola,coefficientB[Hz/V2],

•allinteractionsindependentonthetipbias:vander Waalsforces,imagecharge

contributionwithpresenceoflocalcharges.ThissignalismeasuredforVbias=VS

andisrepresentedbycoefficientAintheequation.Itmayalsoincludeinpractice

anoffsetontheresonantfrequencyoftheprobef0,ifany(forinstanceincaseof

thermaldrift).

2.4 Experimental method

2.4.1 Gridprocedure

Inordertoacquirethelateraldistributionofsurfacepotential,vanderWaals(+image

charge)andcapacitiveforcecontributions,agridspectroscopyoverdifferentdefectswas

performed. AllgridspresentedinthismanuscriptwerecarriedoutstartingfromAFM

’constantheight’imaging,exceptforthecomparisondoneinsection2.4.2. Thegrid

ofspecifiedX,YpointswassetoveranAFMimageofthedefect,providingsufficient

lateralresolution.Intheeachpointofthegridseveralspectroscopymeasurements∆f(V)

weredone(4-6curves)inordertoverifythereproducibilityoftheexperimentandto

reduce∆fnoise.Theaveragecurvewasfurtheranalysedandallthesignalcontributions

wereextracted. Despitethesmalllateralandverticaldriftatlowtemperature,inlong

experimentsthedisplacementofthedefectinthescanningzonecanbeobserved. A

procedureofdriftcompensationin∆f(V)and∆f(z)mappingwaspreviouslydescribed

byMohn[71].Inthismethod,initiallytheSTMisdone,whichservesasanreference

forsubsequentmeasurements. Next,thefeedbackloopisopenandthespectroscopyis

performed.Every20min,themeasurementisstopped,theloopisclosedandagainthe

STMimagingisdone.ThisSTMiscorrelatedwiththereferenceimagesoastocalculate
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andcompensateforthedrift.Then,thespectroscopyiscontinuedinthesamemanner.

Althoughsuchaprocedurecanensureexactpositioningofspectroscopymeasurements

withrespecttothetopography,intheexperimentspresentedherenodriftcompensation

wasadopted.TheAFMimagewasdonepriortoandimmediatelyaftergridspectroscopy,

inordertocalculatethedrift,whichfor2hgridsresultedinlateraldisplacementof

maximum300pm.

2.4.2 Constantdistancevsconstantheight mode

Therearetwopossiblewaysinwhichgridspectroscopymeasurementscanbeper-

formed:

•inaconstantdistancemode

•inaconstantheightmode

Intheconstantdistancemode,thetip-sampledistanceiskeptconstantsuchthatthetip

followsthetopographyofthesample.Beforespectroscopyineachgridpoint,thefeedback

loopisclosedandz-regulationisactivatedwhetherinSTMorAFM.Asaresult,thez-

referenceforeachspectroscopyisdonewithrespecttoSTM(AFM)setpoint,whichfollows

(pointbypoint)thesampletopography.Intheconstantheightmode,thefeedbackloopis

openinthewholeimageandnoz-regulationisactivated.Hence,thespectroscopyineach

gridpointisdoneatthesameheightpositionwithrespecttothesubstrateplane.The

signaloffrequencyshiftatzerobiascanbeextractedfromthespectroscopymeasurement,

aswellasthetip-substratecapacitancesignal,whichcanserveasatopographyreference.

Asanillustration,acomparisonofKelvinprobespectroscopydonealongalineona

moleculeinconstantdistanceandconstantheightmodeisshownintheFigure2.8.The

moleculeintheexampleisnotstudiedinthisthesisanditsstructurewillnotbedescribed

hereastheillustrationfocusesontheKPFMresultswhilescanningaboveanynanometric

object.Theimplementationoftheconstantdistancemodeforspectroscopymeasurements

isjustifiedwhenthecapacitanceiskeptconstantbyreproducingthesampletopography.

Howeverthisisnolongerthecaseintheexperimentsonthenanoscalewhereliftingthe

tipaboveasmallobjectlikemolecule,leadstoatopographyfootprintartefact. This

occurrencecanbeseeninFigure2.8,wherethreesignalcontributionsareinlikemanner,

thatistheyfollowthetopographycontour.Asthemacroscopicpartofthetip(andnot

theextremity)contributesmostlytomeasuredcapacitancesignal,liftingthetipabove

themoleculeresultsinoveralldecreaseintip-samplecapacitance,asshowninFigure

2.8(e).Onthecontrary,noartefactisobservedforconstantheightmodewherethetip

isscanningattheconstantheightabovethesample. Movingoverthemoleculeresults
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(a) (b)

(c) (d)

(e) (f)

(g) (h)

Figure2.8: Comparisonofconstantdistanceandconstantheightmodeforalinespectroscopyofa
molecule.ConstantcurrentSTMimage(Vbias=-1.9V,It=5pA)withalinegridof25pointsshownin
a),constantheight∆fimage(Vbias=0V)withlinegridof30pointspresentedinb).Signalcontributions
extractedfromthespectroscopy:surfacepotentialc),d),capacitancee),f),vander Waalsg),h)for
constantdistanceandconstantheightmoderespectively.STMandAFMimagesweredonewithAosc=50
pm,allspectroscopywithAosc=100pm.
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inincreaseofthecapacitiveforce(duetothesmallertip-sample)distanceandnegative

capacitivesignal,aspresentedinFigure2.8(f).Consequently,theconstantheightmode

hasbeenappliedinallgridmeasurementspresentedinthisthesis.

2.5 Gridspectroscopyonaburiedborondopant

Figure2.9showsthemapsofsurfacepotential,capacitanceandvander Waalssignal

togetherwithincertitudes,obtainedonburiedborondopant.ThefilledstateSTMimage

isacquiredinafirststep,inwhichborondopantismorevisible. Additionally,asthis

defectisnotapparentin∆fimage,itneededtobelocatedpreferablyinthevicinity

ofotherdefects.Inourcase,twodanglingbondsservedasareferenceforthegrid

spectroscopymeasurementsofthedopant(Figure2.9(a)-2.9(c)).Inthenextstep,the

gridof4.5nmx4.5nm(15x15points)wasimposedonconstantheightAFMimage,

centredatthedefectbutincludingnormalsiliconadatomsaswell.Thetipwasliftedby

150pmandtheoscillationamplitudewasincreasedto100pm. Theparametersofthe

grid,includingthetimeofintegrationandnumberofsweepswereoptimizedtoprovidea

minimallateraldriftduringtheexperiment,aspresentedin2.9(b)-2.9(c).Theduration

ofthegridexperimentwas≈2hwiththelateraldriftof≈200pm.Inthesurface

potentialmap,thatcanbeinterpretedasachargemap,thebrightcontrastisobserved

inthemiddleoftheimage(Figure2.9(d)),correspondingtothenegativeelementary

chargedetectedovertheionizedborondopant. Thecapacitancemap-asexpected-

isratherflatandnovariationofthesignalisdetectedovertheimage.Inthevander

Waalsmapinturn, 2.9(f),asmallgradualchangeincontrastisobservedandthesignal

becomesmorenegativeintheupperpartoftheimage.Thischangeisdueprobablyto

thedriftinZduringthemeasurement,suchthatthetipbecomesclosertothesurface

intheupperpartofthegridandresultsinmorenegative∆fsignal. Additionally,the

contrastinthismapcomparedtoformerAFMimageislost,duetothetipliftingand

reducedlateralresolutionofthegrid.FromthecrosssectionintheVsimagewefinda

meanvalueofsurfacepotentialdifferencebetweentheborondopantandnormalsilicon

adatomsof35mV±7mV.Thelateraldimensionofchargeimagedforborondopantis≈

3nm.Itisworthnoting,thatnocrosstalkbetweenindividualmapsofsurfacepotential,

capacitanceandvander Waalsisobserved.Furthermore,thequalityoftheparabolicfit

toexperimentaldata(Figure2.9(h))ishomogeneousandrelativelysmall,pointingto

correctfittingprocedureforthefullsetofspectroscopicdata.
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(a) (b) (c)

(d) (e) (f)

(g) (h)

Figure2.9: Gridspectroscopymeasurementonburiedborondopant,a)STMimagepriortoAFM
imaging(Vbias=-0.7V,It=10pA)withborondopantandtwodanglingbonddefects,corresponding
constantheight∆fimageswithgridimposedb)beforeandc)afterthegridexperiment. Colourscale
for: AFMimages-0.9Hz<∆f<0.6Hz,STMimage0<z<160pm.Signalmapsextractedfrom
∆f(V)spectroscopyofd)surfacepotential,e)capacitance,f)vander Waalssignal,g)incertitudeof
Vs,h)fiterror(rootmeansquare(RMS)).STMandAFMimagesweredonewithAosc=50pm,grid
spectroscopywithAosc=100pm. TwoyellowarrowsindicatethepositionofDBatomsgivingslightly
darker∆fcontrast.
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2.6 Gridspectroscopyonasiliconvacancy

Figure2.10showsagridexperimentdoneonthedefectofsiliconvacancy(4nmx

4nmand15x15points). Agreatcarewastakeninfindinganisolateddefectthat

isnotdisturbedbythepropertiesofotherdefectsinitscloseproximity. Priortothe

spectroscopy,thetipwasretractedby200pmandtheoscillationamplitudewasincreased

(a) (b) (c)

(d) (e) (f)

(g) (h)

Figure2.10:Gridspectroscopymeasurementonsiliconvacancy,a)STMimagepriortoAFMimaging
(Vbias=2V,It=10pA),constantheight∆fimagesofvacancywithgridimposedb)beforeandc)after
thegridexperiment.Colorscalefor:AFMimages-1.0Hz<∆f<0.2Hz,STMimage0<z<120pm.
Signalmapsextractedfrom∆f(V)spectroscopyofd)surfacepotential,e)capacitance,f)vander Waals
signal,g)incertitudeofVs,h)fiterror(RMS)on∆f(V)spectroscopy.STMandAFMimagesweredone
withAosc=50pm,gridspectroscopywithAosc=100pm.
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to100pm.Bycomparisonbetween∆fimagesbeforeandafterthespectroscopy(2.10(c)-

2.10(c)),weestimatethelateraldriftof≈100pmforthe2hgridexperiment.Small

variationsofthesignalaremeasuredinVsmapwithsinglefluctuationsofmaximum15

mV(shownin2.10(d)). Thereforewededucethatthevacancyisanelectrostatically

neutraldefect.Similarlytoburieddopant,changeincontrastbetweenbottomandupper

partofvander Waalschartcausedbytheverticaldriftisobserved. Regardingthe

capacitanceplot,nosignalcontrastisobserved,possiblyduetothesmallheightdifference

betweensiliconadatomsandthevacancythatisindiscernibleinthisexperiments.Once

more,nocrosstalkbetweenindividualsignalcontributionsisobserved.

2.7 Gridspectroscopyonasilicondanglingbond

AgridspectroscopymeasurementtogetherwithSTMimagebeforethegrid,performed

onanon-passivatedsilicondanglingbondispresentedinFigure2.11,followingthesame

procedureasfortheburieddopantorsiliconvacancy. Thegridof2.8nmx2.8nm

and15x15pointswasimposedon∆fimageofanisolateddanglingbond. Beforethe

spectroscopy,thetipwasliftedby150pmandtheamplitudewaschangedtoAosc=100pm.

InFigures2.11(d)-2.11(e),anevidentcorrelationisnoticedbetweensurfacepotential

andcapacitance.Inthecenterofbothmaps,abrightroundcontrastisobservedwith

fewdarkpointsintheverymiddleofthegrid,correspondingtotheDB.Moreover,itcan

benoticedthattheincertitudeintheestimationofthesurfacepotentialismuchhigher

inthemiddleofthegrid,asshownin2.11(g).Thisindicatesaprobleminthefitting

proceduretoexperimentaldatainthispartofthegrid. Althoughthetipisretracted

beforethespectroscopyandtherangeofbiassweepischosensoasnottopassthe

tunnellingcurrentbetweenthetipandthesample(biasrangeof-1Vto1V),stilla

significantcurrentisdetected.Figure2.12showstheexamplesofItmapatthevoltage

of750mV,correspondingtoDBstatelocatedinthebandgapandfor-950mV.Inthe

former,themaximumvalueofcurrentismeasuredonnon-passivatedadatom≈85pA

anddecreasesto≈15pAonfirstadatomneighbours,whereasfor-950mVthecurrent

isdetectedsystematicallyabovealladatoms. Forthisreason,thespectroscopycurves

ineachgridpointwereanalyzedindividually,toverifyifthetunnellingcurrenthasan

impactontheirform.Figure2.12presentsspectroscopy∆f(V)withcorrespondingI(V)

curvesacquiredonthedanglingbondinthemiddlepartofthegrid.Anobviousinfluence

ofthetunnellingcurrentonfrequencyshiftsignalisobservedinbothcases. Asseen

intheFigure2.12(a),2.12(b)theincreaseoffrequencyshiftsignalandchangeinthe

shapeofparabolaisnoticedforthepositivebias≈0.5Vwhichcorrespondstoabrupt

riseofthetunnellingcurrent.Forthenegativebias,agradualchangeinparabolicshape
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(a) (b) (c)

(d) (e) (f)

(g) (h)

Figure2.11: Gridspectroscopymeasurementondanglingbondusingthebiasrange[-1V,1V]a)
STMimagepriortoAFMimaging(Vbias=-0.7V,It=10pA),constantheight∆fimagesofDBwithgrid
imposedb)beforeandc)afterthegridexperiment. Colorscalefor:AFMimages-1.6Hz<∆f<0.1
Hz,STMimage0<z<140pm.Signalmapsextractedfrom∆f(V)spectroscopyofd)surfacepotential,
e)capacitance,f)vander Waalssignal,g)incertitudeofVs,h)fiterror(RMS).STMandAFMimages
weredonewithAosc=50pm,gridspectroscopywithAosc=100pm.
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(a) (b)

(c) (d)

(e) (f)

Figure2.12: Theeffectoftunnellingcurrentonthefrequencyshiftsignal,a),b)∆f(V)spectroscopy
withcorrespondingc),d)I(V)curves.Tunnellingcurrentdetectedduringgridspectroscopyfore)450
mVandf)-950mV.Thechangeintheshapeofparaboladuetotheincreaseofthetunnellingcurrent
isindicatedwithredintermittentlineina)andb).

of∆f(V)curveisnoticed,causedbysystematicincreaseofthecurrentpassingfromthe

tiptothesample.Asaresult,fittingaparabolicfunctiontothesedataleadstoartefacts

inobtainedresultsandcorrelationbetweenindividualsignalsofcapacitanceandcharge

distributionasobservedabove. Theinfluenceoftunnellingcurrentoffrequencyshift



48 2.ChargedetectionofSi(111)-(
√
3×
√
3)R◦30-Bdefects

signalisstudiedinthesection2.7.2.

2.7.1 Correctedgridspectroscopy

Inordertocorrectthegridexperimentandeliminatetheinfluenceoftunnellingcurrent

onfrequencysignal,thebiasrangewherethefittingisdonewasreducedto(-0.4V,0.4

V)forwhichthecurrentstayedatlowerlevel(lessthan10pA).Asaresult,thefrequency

signalwasnotperturbed,stayingparabolicinthewholebiasrange.Correctedmapsfor

danglingbondarepresentedintheFigure2.13.IntheFigure2.13(e)stillsomenoisein

(a) (b) (c)

(d) (e)

Figure2.13:Correctedgridspectroscopyondanglingbond,biasrangewasreducedto(-0.4V,0.4V).
Gridmapsextractedfrom∆f(V)spectroscopyofa)surfacepotential,b)capacitance,c)vander Waals
signal,d)incertitudeofVs,e)fiterror(RMS).STMandAFMimagesweredonewithAosc=50pm,and
thegridspectroscopywithAosc=100pm(withthetipliftedby200pm).

themiddleoftheimageisobserved,howevertheincertitudeofVsisnowmoreuniform.

Itslargermeanvalueiscausedbyreducingthebiasrange,hencethenumberofdata

pointsusedforthefitting.Importantly,nocorrelationbetweensurfacepotentialand

capacitanceisobserved.Uponthecorrectionofgrid,adarkcontrastisseeninthemiddle

ofsurfacepotentialmapwhichcorrespondstothedetectionofapositivechargestatefor

theDB,similarytotheresultspresentedpreviouslybySpadaforaetal.[62].Thecontrast

isslightlyelongatedinthehorizontaldirectionofthegrid,causedbyadriftduringthe
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measurement(≈100pm). Wefindanaverage-85mV±10mVofadifferenceinVs

betweenDBandnormalsiliconadatoms. Regardingthecapacitance,thesignalstays

constantthroughoutthemapwhichindicatesnodetectablecapacitivedifferencebetween

thechargedadatomDBandthepassivatedsiliconadatoms.

2.7.2 Chargingvsphantomforceeffect

InthepreviousstudiesofDBdefect,ithasbeenshownthatitispossibletochangethe

chargestateofnonpassivatedsiliconatomthroughdI/dVspectroscopy[59,60,61].Non

parabolicbehaviourof∆fpresentedherecouldbeexplainedbythetransferofelectron

fromthetiptothedanglingbondatom.Inthe∆f(V)spectroscopysuchtransition

wouldberevealedbyashiftoftheparabolicfunction[21,72]towardspositivesample

bias.FromtheDBgridexperimentdifferentspectroscopycurveshavebeenextractedand

furtheranalysed(Figure2.14).

(a) (b)

(c)

Figure2.14: SpectroscopycurvesextractedfromthreegridpointsP1,P2andP3,showingpossible
chargetransferbetweenthetipandDBatomat≈0.5V.PositiveDBstateisindicatedwithblue
experimentalpoints(fittedwithvioletcurve),theneutralDBstateafterchargingindicatedwithyellow
datapoints(fittedwithgreencurve).

Ineachgraph,the∆fsignalhasparaboliccharacteruntil≈0.5V,whereasmalljump
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isobserved,theotherexperimentalpointsareshiftedupwards,towardslessnegative∆f

values. Fittinganotherparabolatothesepointsresultedinthefunctionshifttowards

morepositivevalueofVscomparedtothefirstparabola,whichisinaccordancewith

negativechargingofDBatom. ThevaluesofVsshiftfoundfromtheanalysisare80-

140mV±10mVwhichisthesameorderofmagnitudeofsinglechargedetectedinthe

DBgrid.

Anotherpossibleexplanationofnon-parabolicityoffrequencyshiftcurvescouldbe

“phantomforce”effectwhichisrelatedtothechangeof∆fsignalwhiledetectingthe

tunnellingcurrentatthesametime.Phantomforcehasbeenstudiedpreviouslyonsilicon

surfaceswithlowandhighdopinglevel[63,64].Thetunnellingcurrentpassingthrough

asampleleadstolocalvoltagedropandthereforecausesthedetectionofadditional

electrostaticforce,whichisproportionaltotheresistanceofthesampleandthecurrent,

themeasuredsignalisdescribedwith:

∆f=A+B(Vbias−VS−RsIt)
2 (2.1)

whereRsistheresistanceofthesample.ThecoefficientsA,BrepresentthevdWand

capacitancesignalsandhavebeendescribedinthesection2.3.Inthe∆f(V)curves,an

additionalpositivefrequencyshiftsignalisobservedforbothnegativeandpositivesam-

plebiasifthetunnellingcurrentispassedduringthemeasurement.Toaccountforthe

possibilitythatphantomforcesmayexplainthenon-linearitiesof∆f(V)spectroscopies

overdanglingbonds,∆fsignalwasfittedbytheparabolicfunctionhoweverbyadding

additionalterm∝RsIt(V).Theresultsforthesamethreespectroscopypointsarepre-

sentedintheFigure2.15.Intheplotsitcanbeseenthattheparaboladeflectsataround

0.5VwherethetunnellingcurrentthroughDBoccurs.Foreach∆f(V)curvethesample

resistanceof10MΩwasincorporatedinordertoreproduceatbesttheexperimentaldata

points.Intheworkof Weymouthetal.[63]theobtainedsampleresistanceRs=164MΩ,

howeverinvestigatedSi(111)samplewaslow-dopedwithhigherresistivityof6-9Ωcm,

whichcanexplainmuchlowervalueofsampleresistancefoundhere.

Anotherprocessrelatedalsotothetunnellingcurrentisaparasiticcouplingbetween

∆fandIt,observedforthequartzsensors[73].Heretheprincipleisthattheoscillating

tipradiatestheelectromagneticfieldwhichisthencoupledbythemotionofthesensor

byinversepiezoelectriceffect.Thiseffectwouldbealsoproportionaltothevalueofthe

tunnellingcurrent.

Comparisonofdifferenthypothesisdiscussedinthissectionitisnotenoughtoconclude

whichmechanismisresponsiblefornon-parabolicbehaviourofspectroscopycurves.Both

chargetransferandphantomforceeffectresultinsimilarbehavioursof∆f(V)curves.At
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(a) (b)

(c)

Figure2.15: ∆f(V)spectroscopyforthesamegridpointsP1,P2andP3aspresentedintheFigure
2.14,thedatawerefittedwithbythefunction∆f=A+B(Vbias−VS−RsIt)

2whereRs=10 MΩ.
Thedeflectionofthefittedcureisobservedat≈0.5V,wherethesignificantcurrentispassedthrough
danglingbondstate(indicatedwiththearrows).

samplebiasof≈0.5Vthetunnellingcurrentincreasessignificantlyandtheexperimental

pointareshiftedtowardslessnegativevalueswhichcanbecausedeitherbychargetransfer

ordetectionadditionalsignalcausedbyphantomforceeffect. Thesignificantnoiseof

frequencyshiftsignalhinderstheinterpretationofresultsandneedstobeimprovedin

ordertodistinguishbetweenbotheffects.

2.8 Comparisonofdifferentdefects

Figure2.16showsthecomparisonofsurfacepotentialmapsobtainedonburiedboron,

siliconvacancyanddanglingbond. Highdopinglevelofsiliconcrystalresultsindelo-

calizationofholesandformationofanimpurityband. Therefore,thepositivesurface

potentialmeasuredonburiedboronintheexperimentisinaccordancewiththefactthat

sub-sufaceborondopantsarenegativelycharged.Thedanglingbond,asitisknownfrom

thepreviouswork,canhavethreechargestates:
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•positivelychargedobservedforthesmallbias,

•neutral,whenoneelectronistransferredtoDB,observedatVsample≈0.6Vinthe

spectroscopy,

•negativelycharged,whenthesaturationoftunnellingcurrentleadstothetransfer

ofsecondelectronstoDB,forVsample≈1.4V.

Atsmallbias,theelectronofnon-passivateddanglingbondwhichstateislocatedin

thebandgap,willrecombinewiththeholefromthevalancebandleavingDBpositively

charged[61].Thisstateisobservedinthegridexperimentpresentedhere,asthenegative

VsisdetectedontheDBatom.Inthecaseofsiliconvacancy,nochargewasdetected.

ItmustbepointedoutthatbythemeansofonlyAFMimagingitwasnotpossible

todistinguishwhetherboronorsiliconatomresidesunderthevacancy. Nevertheless,

theanalysisofdefectinthegridmeasurementindicatesthepresenceofasiliconatom

inthevacancy,astheboronatomsinS5sitewouldgiveasignificantsurfacepotential

differencecomparedtootherpassivatedadatoms.Theabsolutevalueofsurfacepotential

measuredforDBdefectismuchhigherthanforaburieddopant,asitislocatedindeeper

subsurfacelayers. Furthermore,thelateralextentofVSismuchsmallerforthepoint

defectlikedanglingbond(≈2nm),comparedtoburieddopant(≈3nm).

(a) (b) (c)

Figure2.16: Comparisonofsurfacepotentialmapsfora)borondopant,b)siliconvacancyandc)
danglingbond.

2.9 Conclusions

Spectroscopymeasurementspresentedinthischaptershowedthepossibilityofsingle

chargedetectionusingKolibrisensor.Differenttypessurfacedefectshavebeenidentified
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usingSTMandnc-AFMtechniquesandstudiedwith∆f(V)spectroscopyinthecontext

ofchargedetection.Fromthegridexperimentsthreedifferentchargestateshavebeen

detected:neutralstateforthesiliconvacancy,negativechargestateforburiedboron

dopantandpositivechargeforDBdefect. Thesechargestatesareaccordinglytothe

theoryandpreviousSTMstudiespresentedonSi:Bsurface.Thenegativechargeobserved

forburieddopantyielded≈35mVinthesurfacepotentialmapwhichissignificantlyless

thanthevaluemeasuredonDBdefectduetothelocationofthedopantdeeperunderthe

surfaceplane.Intheanalysisofdanglingbond,nonparabolicbehaviourof∆f(V)was

observedatsamplebiasof≈0.5Vthatcanstemfromtwophenomenas-eithercharge

transferfromthetiptoSiatomsorphantomforceeffect,relatedtothetunnellingcurrent

passingthroughthesample.Despitethefactthatitisnotpossibletoclearlydistinguish

whichmechanismdominates,thecaremustbetakenintheanalysisinordertoavoid

artefacts.ThenegativepotentialmapobtainedforDBdefectswith≈-85mVindicates

thatthedanglingbondisfoundinthepositivechargestateanddeterminesthereference

potentialvalueforasinglesurfacecharge.





Chapter3

nc-AFMandKPFMstudyofCDB

andCDB-I moleculesonSi:B

Themainobjectiveofthischapteristheverificationoftheresolutionandsensitivity

ofKolibrisensorintopographyandelectricalimagingofasinglemoleculedepositedon

semiconductorsurface. From∆fimagesobtainedinconstantheightmodeweobserve

submolecularresolution,achievedwithoutintentionaltipfunctionalization. Thedetails

ofaliphaticchainsandthreephenylsoftheprobedmoleculesareidentifiedinnc-AFM

images. Thefeaturesofmoleculestructureobservedin∆fareaffirmedbycomparing

imageswithsimulation. Moreover,anasymmetryinthelengthoftwosidephenylgroups

issystematicallyobservedbetweendifferentCDB-Imolecules.Inthesecondpartofthe

chapter,KPFMmeasurementsarepresentedonbothCDB-IandCDBmolecules.Two

differenttypesofcontrastareobservedinsurfacepotentialmaps,showingthatpartof

moleculescanbechargedeithernegativelyorpositively. Weassociatethisdifferencewith

differentadsorptionsitesandpossiblechargetransferfromthemoleculetosubstratewhen

themoleculeisadsorbedonasurfacedefect.

3.1 Abriefoverviewofhighresolutionimagingof

single molecules

Thefirstimportantworkpresentingultrahighresolutioninnc-AFMonmoleculeswas

realizedbytheIBMgroupin2009[9],inwhichthechemicalstructureofindividualpen-

tacenemoleculesdepositedonCu(111)wasresolved,usingametallicAFMtipterminated

withasinglecarbonmonoxide(CO)molecule.Inthisworkithasbeenshownthatthe

crucialfactorinobtaininghighresolutionistheprocessofcontrolledtipfunctionalization.

ThedecorationofthetipapexwithsingleCOmoleculeresultsinanincreasedresolution
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inbothSTMandAFM,suchthatthefivehexagoncarbonringsandC-Hbondsofpen-

tacenearevisibleinconstantheight∆fimages(showninFigure3.1).Theintramolecular

resolutionwasalsoachievedonthinfilminsulatingsurfaceofNaCl(2ML)/Cu(111)with

varioustipfunctionalizationsofCO,Ag,Clandpentacene[9].Thedependenceof∆fcon-

trastontip-sampledistancewasexploredandshowedtheimportanceofrepulsiveforces

detectioninobtainingsubmolecularresolution.Sincethen,alargenumberofdifferent

Figure3.1:ChemicalstructureofpentaceneonCu(111)resolvedinconstantheightAFMimages.The
modelofpentacenemoleculewithfivecarbonringsshownina),b)STM(It=170pA,Vbias=170mV)
andc),d)AFMimagesofamoleculeusingCOterminatedtipwithoscillationamplitudeof20pmand
80pminc)andd)respectively.Adaptedfrom[9]

(essentiallyflat)moleculeshavebeenresolvedwithCOtiponmetallicandpassivated

surfaceswithNaCl[74,75,76].Differenttipfunctionalizationswerealsotestedincluding

Xe[16,15,77],copperoxideCuO[12,17]andnitrousoxideN2O[18].Nevertheless,not

manyworkshavebeendemonstratedonsemiconductors.Onestudyhasbeenachievedby

Sweetmanetal.[19]inwhichasinglemoleculedepositedonhighlyreactivesiliconsurface

wasimaged.Figure3.2presentsSTMandAFMimagewherethechemicalstructureof

theNTCDImoleculewasresolvedat78K. Whatisimportant,thishighresolutionwas

obtainedwithoutintentionaltipfunctionalization,onlybyconditioningthetiponthe

siliconsurface.Fromthecomparisonofexperimental∆f(z)curveswithsimulationsitis

possibletodeterminewhichtipterminationisresponsibleforcreatingthehighresolution.

Themostprobablecandidatefortheimageshownin3.2bisNTCDImoleculeadsorbed

atthetipwithoxygenatompointingtowardsthesurface.Nevertheless,itisalsopossible

thatsilicondimerattipapexwouldproducethesame∆fcontrast[19].

Exceptforhighresolutionimagingofmoleculesstructure,thankstonc-AFMthedis-

tributionofcontactpotentialdifferencewasobtainedonthesubmolecularscale,using

∆f(V)spectroscopy[22].TheFigure3.3showsSTM,AFMandKPFMimagesofnaph-

thalocyaninemoleculeadsorbedonNaCl(2ML)/Cu(111)surface.TheLCPDvaluewas

extractedfromthemaximumof∆f(V)parabolaineachpointofthegridformetallic
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Figure3.2: NTCDImoleculeonSi(111)7x7surfaceat78K,a)STM(It=40pA,Vbias=1.5V),b)
constantheight∆fimage,Aosc=0.28nm,c)modelofmoleculeadsorptiononthesiliconsurface.Green
arrowsindicatethepositionsoftwopassivatedsiliconatoms.Sizeofimagesa),b)3.8nmx3.8nm.The
imageextractedfrom[19]

Figure3.3: a)STMimage(It=2pA,Vbias=0.25V)ofnaphthalocyaninemoleculeadsorbedonNaCl
filmonCu(111),b)constantheight∆fimagewithchemicalstructureresolved,imagewastakenwithCO
functionalizedtip. KPFMmapsofLCPDofthemoleculeobtainedwithmetallic(aftertipindentation
inthecoppersurface)andCOtipareshowninc)andd)respectively.Scalebars:2nmina)and0.5
nminb)-d).Imagesextractedfrom[22]



58 3.nc-AFMandKPFMstudyofCDBandCDB-I moleculesonSi:B

andCOtip,presentedin3.3c,3.3drespectively.Fromthecomparisonofbothimages

itisevidentthatthefunctionalizationprocessleadstoanenhancedresolutionalsoin

KPFMmeasurements.AdditionalDFTsimulationsaffirmthatthecontrastobservedin

theKPFMimagesreflectsthechargedistributionwithinasinglemolecule.

3.2 Presentationof moleculesusedinthiswork

Thetwomoleculesstudiedhereareorganicmoleculescontainingthreebenzenerings

andaliphaticchains. Thefirstmoleculeis1-(4’cyanophenyl)-2,5-bis(decyloxy)-4-(4’-

iodophenyl)benzene,namedinthismanuscriptasCDB-I.Thismoleculeismadeoftwo

aliphaticchainsattachedtoathree-phenylcoreendedwithtwodifferentterminations.

Thedesignofthemolecule(lengthofthealiphaticchainsorphenylchain)hasbeenmade

inordertogenerateself-assembliesonSi:B[78]asstudiedinChapter4.IntheCDB-I

molecule,thefirstterminationofthephenylchainiscyanogroup,knowntobeastrong

electronwithdrawinggroup;thesecondterminationisanatomofiodine,actingasan

(a) (b)

(c)

Figure3.4: Thestructureofa)CDB-IwithtwoaliphaticchainsC10H21andthree-phenylcore,the
differentterminationsofthemoleculeareindicated:nitrogenatomofcyanogroup(blue)andiodine
atom(pink).ThechargedistributionwasobtainedforamoleculeinvacuumfromDFTcalculations.b)
CDBwithtwoidenticalcyanoterminations,thedistancebetweentheextremitiesofaliphaticchainsis
3.18nm,theseparationbetweentwonitrogenatomsofcyanogroupsis1.65nm.ThestructureofCDB-I
afterminimizationofenergy(usingPM3method)foramoleculeinvacuumpresentedinc).Theimages
ina)andb)areextractedfrom[79].
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electrondonor.Duetothedifferenceinelectronegativityofbothterminations,adipole

of3.6Debyeisformedalongthephenylcoreofthemolecule.Thesecondmoleculeis1,4

bis(4’cyanophenyl)-2,5bis(decyloxy)benzene,labelledasCDB.Thismoleculeresembles

CDB-I,howeveritisendedwithtwoidenticalterminationsofcyanogroupsandtherefore

exhibitsnodipolealongthephenylchain.Previously,theCDBmoleculewasalsostudied

onionicalkalihalidesurfacesonwhichitformedhighly-organisedmolecularnetworks[80,

81]. Thedistancebetweentheextremitiesofaliphaticchainsforeachmoleculeis3.18

nm.StructuresofCDB-IandCDBmoleculetogetherwithdimensionsareshowninthe

Figures3.4(a)and3.4(b). Thechargedistributionforbothmoleculesinthevacuum

wasobtainedfromDFTcalculationsdonebyChristopheKrzeminski(IEMN).Themodel

ofthemoleculeinvacuumafterminimizationofenergy(PM3method),asdonebyDavid

Gúerin,ispresentedin3.4(c).Thetiltoftwosidephenylswithrespecttothecentral

phenylisobserved,causedbystericeffectsrelatedtothehydrogenatomsofeachofthe

phenylgroups.ThesametiltingofthesidephenylsisalsoobservedinthecaseofCDB

molecule.

3.3 Structureof moleculeresolvedwithnc-AFM

Inthissection,singlemoleculeAFMmeasurementsarepresentedshowingthehighest

resolutionobtainedwithoutintentionaltipfunctionalization.Thedepositionofmolecules

presentedherewaseffectuatedatlowtemperature,thatis,thesamplewastakenout

directlyfromthemicroscopeandwasnotthermalizedbackto300Kduringthemolecule

deposition.Thistypeofdepositionresultedintheformationofsmallordereddomains,

butalsomanyindividualmoleculeshavebeenfoundinthevicinityofsurfacedefects.A

STMimageshowingthemoleculesorganisationispresentedintheFigure3.5. Oneof

thesinglemoleculeshasbeenchosenforAFMimaging. Theconstantheight∆fimage

andapossibleorientationofthecorrespondingmoleculearepresentedin3.6(a),3.6(c).

Despiteaslightdoubletip(asseenin3.6(b)),thesubmoleculardetailsareobservedin

theAFMimage.Firstofall,weobservethedetailsofaliphaticchainsintheformoffive

protrusions.Knowingthateachaliphaticchaincontainstencarbonatomsarrangedina

zigzagform,weassociatetheseprotrusionswitheitherfivetopmostcarbonatomsalong

thechainorC-Hgroupspointingoutperpendicularfromthesurfaceplane. Moreover,

thedistancesmeasuredbetweentheprotrusions-from260pmto275pm±10pm-are

closetothedistancevaluebetweentwocarbonatoms-250pm-representedinthemodel

in3.6(d).Smalldifferencescanbecausedbythetiltingofthechainonthesurface.

Furthermorethebottomaliphaticchainisbendedattheendat120◦whichcorresponds

tothedirectionsofsubstratesiliconrows.
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(a) (b)

Figure3.5:a),b)STMimagesofmoleculesorganisationafterLTdeposition.Theformationofsmall
molecularislandsisseen,aswellasmanyindividualmoleculesfoundclosetoSi(111):Bdefects.Images
havebeentakenwithAosc=50pm,Vbias=-1.9V,It=5pA.

Secondly,forthearomaticcoreofthemoleculethreephenylscanbedistinguished.

Thecentralphenyl,isorientatedflatonthesurfaceandthereforegivesdarkcontrastin

∆fimage.Twosidephenylshavemuchhigher∆fsignalduetotheirtiltingonthesurface.

Furthermore,thecrosssectionthroughthecoreshowsanasymmetryinlengthbetween

twosidephenylgroupsof120pm±20pm,asshownintheFigure3.6(e).Itislikelyat

thisstage,thatthelengthdifferencestemsfromthesolecomparisonofthelengthofthe

signalsassociatedwithphenylringterminationsin∆fimages3.6(c).Ontheonehand,

thecyanogroupterminationislongerthaniodineterminationwhichcouldindicatethat

itcorrespondstothephenylgroupwithgreaterlengthobservedin∆fimage. Onthe

otherhand,theatomofiodineisbiggerthanatomsofcarbonandnitrogenandcould

givehigher∆fcontrastthancyano(andthereforeapparentasalongertermination)when

passingattheconstantheightduringAFMimaging. Atthispointitisnotpossibleto

distinguishbetweenbothterminationsandKPFMmeasurementswillneedtobedoneto

verifyifthelongerterminationcorrespondstocyanooriodine.Thecomparisonofcross

sectionsforbothCDB-IandCDBmoleculeswillbepresentedfortheassembliesinthe

section4.8ofthenextChapter.

AnothersinglemoleculeCDB-IimagedwithAFMispresentedintheFigure3.7.

Duringthemeasurementasmallnegativebias(-390mV)wasappliedonthesamplewhich

allowedmeasuringthetunnellingcurrentatthesametimewith∆fsignal.Thecontrast

onsiliconadatomsshownin3.7(c)servedforfindingtheadsorptionsiteofmoleculeon
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(a) (b)

(c) (d)

(e)

Figure3.6: a) ∆fimageofasingleCDB-I molecule,Aosc=50pm,Vbias=0V,b)STMimageof
the molecule(Aosc=50pm,Vbias=-1.9V,It=5pA),c) moleculeconfigurationreproducingpossible
orientationofmoleculecorrespondingtoAFMimage,d)crosssectionofthealiphaticchainwithdistances
betweentheprotrusions,correspondingtothewhiteintermittentlineina),e)crosssectionofthearomatic
coreofthemoleculeshowingtheasymmetrybetweenbothterminations,correspondingtotheblack
intermittentline.

thesubstrate. ThepositionsofSiatomsareindicatedwithwhitedottedintermittent

linein3.7(d).Itisobserved,thataliphaticchains(whetherstraightorbended)always

followthesubstrateandplacethemselvesbetweentherowsofsiliconatoms.Therefore,
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(a) (b)

(c) (d)

Figure3.7:a)STMimageoftheCDB-Imoleculelocatednearsurfacedefect(Vbias=-1.8V,It=5pA,
Aosc=50pm,)andb)correspondingconstantheight∆fimage(Vbias=-390mV,Aosc=50pm,).Tunnelling
currentchannelextractedfromtheAFMmeasurementispresentedinc),thecontrastonsiliconatoms
wasthenusedandsuperimposedon∆fimageshownind).Twosidephenylsgroupsareindicatedwith
whitedottedlineintheimageb).

itindicatesanimportantinteractionbetweenthesubstrateandthemolecule.Thesame

behaviourwassystematicallyobservedforseveralmoleculesfoundisolatedonthesurface.

Again,theasymmetrybetweentwosidephenylgroupsareobservedforthesemolecules

aswell.
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3.4 KPFMofasingle molecule

KPFMmeasurementsofsinglemoleculespresentedinthissectionhavebeenachieved

inthesamemannerasmeasurementsofsurfacedefectsdescribedinthesection2.3.Prior

tospectroscopy,thetipwasretractedby100-300pmandtheoscillationamplitudewas

increasedto100pm.Dependingonthemeasurement,ineachgridpoint4-6spectroscopies

weredone.Inordertoreducethe∆fnoise,theaveragecurveofallspectroscopycurves

forforwardandbackwardsweepswasthenanalysed.

Thegridmeasurementof33x31pointsand2.5nmx2.4nmsizeofCDB-Imoleculeis

presentedintheFigure3.8.Thetipwasretractedby100pmbeforethegridandthetime

ofmeasurementwas9h.FromcomparisonoftheAFMimagebeforeandafterthegrid,

wemeasuredthelateraldriftof≈500pm.Despitethis,itispossibletoclearlyidentify

thestructureofthemoleculeinthereconstructed∆f(Vs)signalmap,asseenin3.8(c)).

Thissignalcontainsavander Waalscontributionbutalsoshortrangerepulsionwhere

thesignalbecomespositive.Thecontrastobtainedresemblestheonein∆fimages,with

darkercontrastonthecentralphenylandhighersignalontwosidephenyls.Inthesurface

potentialmapofmolecule(presentedin3.8(e)),amorepositiveVssignalisdetectedon

themoleculecomparedtosiliconsubstrate.Aslightlymorenegativesignalisobservedin

the”capacitance”imageforthethreephenylcorein3.8(d),whichiscausedbyincreased

capacitanceduetothemoleculeheightwhenmovingthetipattheconstantheightabove

thesurfaceplane.Theerrorinfit(RMS)isratherhomogeneouswithaveragevalueof12

mHzaspresentedin3.8(f).Thevariationofsurfacepotentialabovethemoleculewas

furtheranalysedandshownintheFigure3.9.Firstofall,thesurfacepotentialmeasured

onaliphaticchainsissmallerthantheotherpartofthemolecule.Themeanvalueof50

mVisfound,withrespecttothesiliconsubstrate.Thesignalmeasuredonthemolecule

coreishigher,≈130mVonsidephenylsand≈220mVonthecentralphenyl. Moreover,

twobrighterfeaturesareobservedsymmetricallyonthebothsidesofcentralphenyl,

havinghigherVsvalueofaround60mVcomparedtothecentralphenyl. Weassociate

thesefeatureswithtwooxygenatomslocatedatthebeginningofeachaliphaticchains,

thatarebearinganegativechargeandthereforemorepositiveVs. Thecrosssection

ofsurfacepotentialthroughcentralphenylisindicatedwithblueintermittentlineand

presentedin3.9(c).Furthermore,wecandistinguishthepartsofmoleculewithnegative

andpositivesignalsinVswhichisinaccordancewithasituationwithoutsignificantnet

chargetransferbetweenthesubstrateandthemolecule. ThecrosssectionofVsdone

forthecoreofthemolecule,presentedintheFigure3.9(d),showstheasymmetryin

thesurfacepotentialof100mVbetweenbothterminations. Thedistancebetweenthe

maximumofVssignalatfirstextremityandminimumattheoppositeoneis1.6nm.
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(a) (b)

(c) (d)

(e) (f)

Figure3.8: KPFMgridmeasurementofCDB-Imolecule,a)constantheightAFMimagewithgrid
beforeandb)aftermeasurement,c)∆f(Vs)signalmap,d)capacitancecoefficient,e)surfacepotential
andf)fiterror(RMS).AFMimagesweredonewithAosc=50pm,andthegridspectroscopywithAosc=100
pm(withthetipliftedby100pmwithrespecttoAFMimagingconditions).Thedurationofthegrid-
9h.
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(a) (b)

(c) (d)

Figure3.9: a)SurfacepotentialmapofCDB-ImoleculepresentedintheFigure3.8,b)incertitude
insurfacepotential.TwocrosssectionsofVsindicatedwithintermittentlinesintheimagea)andare
presentedinc)crosssectionofthecentralphenylwithoxygenatoms(bluecolour)andd)crosssection
throughthree-phenylcore(yellowcolour).

Thesidephenylgroupwithgreaterlengthin∆fimagecorrespondstothetermination

ofpositiveVs,whiletheshorteronecorrespondstonegativeVs. Forthisreason,we

attributethelongerterminationwithpositivesurfacepotential(andnegativecharge)to

thecyanogroup,whereastheshorterterminationwithslightlynegativesurfacepotential

(andpositivecharge)correspondstotheiodineatom.

Asimilarcontrastofsurfacepotentialwasfoundonseveralmolecules,KPFMmea-

surementsoftwootherCDB-ImoleculesareshownintheFigure3.10. Thealiphatic

chainshavesmallerVssignalcomparedtothree-phenylcoreofeachmolecule,however

theabsolutevaluesvaries,dependingonthemoleculeinvestigated. ForCDB-Ishown

in3.10(a)surfacepotentialof≈120mVwasmeasuredonthemoleculecoreand≈50
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(a) (b)

(c) (d)

(e) (f)

Figure3.10:TwogridmeasurementsofCDB-ImoleculesshowingthesameVscontrast.a),b)∆f(Vs)
signalmap,c),d)Surfacepotentialande),f)CrosssectionsofVsthroughthecoresofthemolecules
indicatedinc)andd).ThegridspectroscopywasdonewithAosc=100pm(withthetipliftedby100
pmwithrespecttoAFMimagingconditions).Thedurationofbothgridswas4h.
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mVonaliphaticchains,withrespecttosiliconsubstrate.Comparatively,inthecaseof

3.10(b),Vsof≈80mVand≈25mVwasfoundonthecoreandchainsrespectively.

Onceagain,brightfeaturesarefoundonthesidesofcentralphenylwithmuchhigher

signal,asseenin3.10(c)and3.10(d). Thedifferencesinmeasuredvaluesofsurface

potentialmaybecausedbythedifferentscanningconditionsinconstantheightAFM

andtherefore,differentheightsatwhichKPFMmeasurementwereperformed. Moreover,

theadsorptionanddifferentinclinationofeachmoleculeonthesurfacecancontributeto

thedifferencesinVs.ForbothCDB-Imoleculesinvestigatedhere,theasymmetryinthe

surfacepotentialisobservedbetweenbothextremitiesofthemoleculecore,asseeninthe

crosssectionsin3.10(e)and3.10(f).SimilarlytothemoleculepresentedintheFigure

3.9,thepositivesurfacepotentialisdetectedfortheterminationwithgreaterlengthand

negativesurfacepotentialfortheshortertermination. Thedifferenceof270mVand

290mVismeasuredbetweentheterminationsfor3.10(e)and3.10(f)respectively,the

correspondingdistancesbetweentheextremitiesare1.6nmand1.7nm.Thesystematic

asymmetryobservedinboth∆fandVsimagesforCDB-Imoleculeindicatesthatthe

longerterminationreferstocyanogroup,whiletheshorterextremitytoiodineatom.

Adifferenttypeofsurfacepotentialcontrastwasfoundaswell,onbothCDB-Iand

CDBmolecules.∆f(Vs)signalandKPFMmapsareshownintheFigure3.11.Forboth

moleculesanegativesurfacepotentialismeasured,whichindicatesthepositivecharging

ofmoleculescomparedtothesubstrate.Theincertitudesinfittingprocedure(RMS)are

homogeneousandnocrosstalkbetweendifferentsignalcontributionsisobserved. The

maximumvalueofVsforCDB-Iwas-75mV,whereasforCDB-60mV. WhileinSTM

measurementsitisveryoftenseenthatsinglemoleculesarelocatedintheclosevicinityof

surfacedefects,wewilllinkthenegativeVswiththeelectrontransferfromthemolecule

tothesurfacewhenitisadsorbedonthedefect.InthecaseofCDB-Imolecule(3.11(a)-

3.11(c))thespectroscopywasdoneforthebiasrange(-950mV,600mV),thuswedecided

toverifyifanytunnellingcurrentismeasuredduringthegridat0.6V,whichwould

correspondtoDBstate.Eventually,nocurrentwasdetectedinthewholeimage,which

suggests,thatafteradsorptionofmoleculeonthedefects,theDBbecomespassivated

anditsstateisnolongervisibleinthebandgap.

3.5 Conclusions

Thenc-AFMmeasurementspresentedinthischapterprovedthepossibilityofobtain-

ingsubmolecularresolutionwithoutintentionalfunctionalizationofthetip.Inthe∆f

imageofCDB-Imoleculethestructureisidentified,withthree-phenylaromaticcoreand

detailsofaliphaticchainsintheformofbrightprotrusions.Thecentralphenylisalways
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(a) (b) (c)

(d) (e) (f)

Figure3.11:a),d)AFMimageswithgridindicatedbeforethespectroscopy,b),e)∆f(Vs)signalmap
andc),f)surfacepotentialforCDB-IandCDBrespectively.Constantheight∆fimagesforbothgrids
weredonewithAosc=50pm,andthegridspectroscopywithAosc=100pm(withthetipliftedby200
pmforCDB-Iand300pmforCDBwithrespecttoAFMimagingconditions).Thedurationofthegrid
was6hfora)-c)and9hford)-f).
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orientedflat,wheretwosidephenylsaretiltedonthesiliconsurface,inaccordancetothe

simulatedmodelofthemolecule. Moreover,theasymmetryinlengthoftwosidephenyl

groupsisobserved,possiblyduetothedifferenceinmoleculeterminations.Furthermore,

thealiphaticchainorientationisnotaleatoryandalwaysfollowsthedirectionsofsilicon

rows.RegardingKPFMmeasurements,wedistinguishtwodifferentadsorptiontypesof

moleculeonthesurface.Inthefirstone,thevariationofpositivesurfacepotentialis

detectedonthemoleculecoreandaliphaticchains,butalsotheoxygenatoms(charged

negatively)giveprominentcontrastinthesurfacepotentialmapsforbothCDB-Iand

CDBmolecule.Inthesecondadsorptiontype,theobservedKPFMcontrastisdark

(correspondingtoapositivecharge)andnotwellresolved. Wetentativelyassignthis

negativecontrasttothechargetransferofelectronfromthemoleculetothedangling

bondunderneathandthereforepositivechargingofthemolecule.





Chapter4

ComparisonofCDB-IandCDB

self-assembliesstudiedwithnc-AFM

andKPFM

4.1 Introduction

InthepreviousSTMstudiesithasbeenshown,thatorganicmoleculeswithlong

aliphaticchainscanformself-asembliesduetothevander Waalsinteractionsthatarise

betweenaliphaticchainsofneighbouringmolecules,knownaschaininterdigitation.The

firstobjectiveofthischapteristhehighresolutionimagingoftheassemblieswithnon

contactAFM,whichwillprovidemoredetailedinformationaboutthetopologyofthe

sampleascomparedtotheSTMtechnique.Fromthesemeasurementstheorientationof

moleculesintheassembliesisobtainedaswellastheirpositionwithrespecttothesilicon

substrateatoms.InthecaseofCDB-Imolecules,whichexhibitadipolealongthechain

ofphenylrings,theopenquestioniswhethertheself-assemblyisdipolarornot.Itis

expectedthatnc-AFM-whichrevealsintheasymmetryofindividualCDB-Imolecules

aspresentedinChapter3-isasuitabletooltoevidenceforthedipolarcharacter(or

not)ofsuchassemblies.Thedipolarcharacteroftheassembliescanalsobeverifiedfrom

KPFMmeasurements,whichgiveinformationaboutthechargedistributionsinmolecules

andhelpinidentificationsofthedifferentmoleculeterminations.
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KPFM

4.2 PreviousSTM/AFMstudiesofmolecularassem-

blies

Wepresenthereashortreviewofpreviousstudiesofmolecularassembliesbymeansby

ScanningProbeMicroscopy.Thefirststudyrevealingintra-molecularcontrastofmolec-

ularassemblieswaspresentedby Weissetal.[82]wherePTCDAassemblyonAu(111)

wasimagedusingscanningtunnellinghydrogenmicroscopy(STHM).Inthiswork,the

submolecularresolutionofmoleculesstructureandapparentcontrastbetweenmolecules

wasobserved,whichwasassignedtoimagingnoncovalentbonds.Afterwards,molecular

assemblieswerestudiedwithnc-AFMusingfunctionalizedtipswithCOmolecules.Inthe

workofZhangetal.[10]thesharpcontrastbetween8-hydroxyquinoline(8-hq)molecules

wasalsoobservedin∆fimages.Thesefeatureswereassociatedwithhydrogenbonding

betweenindividualmoleculeshoweverthemechanismofthecontrastformationremained

unknown. Similarintramolecularcontrastwasalsoobservedonpassivatedsurfaceof

Ag:Si(111)[83]forNTCDIassembly. Theinterpretationoftheintramolecularcontrast

wasdonebyHapalaetal.[11]whodemonstratedthatthetiprelaxationisresponsible

forcreatingsharpedgesbetweenmolecules.Themechanismincludestheflexibletipter-

minationwhichrelaxesawayfromtheregionsofstrongPaulirepulsioncreatedbythe

proximityofatomsandnotincreasedelectrondensitycorrespondingtothepresenceof

intermolecularbonds.

Mappingtheelectrostaticpotentialprovidesafurtherinformationabouttheposition

andorientationofmoleculesinassembliesinadditiontonc-AFMtopography.Thesur-

facepotentialdistributionwaspreviouslyindirectlyobtainedonPTCDAassemblieson

Ag(111)surfacewithKolibriat1.2K[14],byscanningwithtwodifferentlychargedXe

tips(neutralandpositivelychargedXeatom).Theelectrostaticpotentialwascalculated

thenfromthedeformationfieldobtainedfromtwodifferent∆fimages.KPFMmeasure-

mentsconsistingin∆f(V)spectroscopyweredoneofFFPBassemblyonAu(110)surface

withAuterminatedqPlussensor[84].LCPDwith∆ftopographyandtunnellingcurrent

imagesshownintheFigure4.2allowtounambiguouslyidentifyfluorinesidesineach

molecule.

ConcerningthegrowthofmolecularnetworksonSi:Bsurface,manyexampleshave

beenpresentedandstudiedextensivelywithSTMtechniques[85,78,65,68]. Oneof

thesestudiesincludestheworkof Makoudietal.[78],inwhichtheassemblyof1,4

bis(4’cyanophenyl)-2,5bis(decyloxy)benzenemolecule(CBD)onSi:Bsurfacewasinvesti-

gated,usingSTMat110K.Thismoleculeisoneoftwomoleculesstudiedinthisthesis.It

hasbeenshown,thatthedepositionofmoleculesonaSi:Bsurface(atroomtemperature)

resultedinformationofaperiodicmolecularnetwork,withasimplecrystallographyand
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(a) (b)

Figure4.1: a)∆fimageof8-hqassemblyonCu(111)withCOfunctionalizedtip,thebottomimage
showsastucturemodelcorrespondingtoAFMimage.Extractedfrom[10]b)Experimentalandsimulated
∆fimagespresentingcontrastinversionandsharpedgesintheintramolecularregionfordifferenttip-
sampledistances,intheupperpaneltheprobepositionafterrelaxationoftipapexisshown.Sharp
featuresbetweenthemoleculesstarttoappearforz=7.4̊A,adaptedfrom[11].

regulardistancesof2nmbetweenthemolecularlines.TheemptystatesSTMimageof

theassemblyispresentedinFig.4.3(a).Thenetworkconsistsofbrightlinesmadeofthe

coresofthemoleculesandseparatedwithdarkerstripes,correspondingtoaliphaticchains

ofmoleculesinadjacentlines.Brightlinesaremadeofpairsofbrightprotrusionswhere

eachonerefersofoneofcyano-phenylgroupsofthemolecule. Thepreciseanalysisof

STMimagespermittedtoproposetheadsorptionmodelofmoleculeonsiliconsurfaceand

determinationofinteractionsgoverningtheassemblyprocess.Ithasbeenobserved,that

thecentralphenylisadsorbedbetweentwosiliconatomsandthatthealiphaticchains

arealwaysplacedbetweensiliconrows.Therefore,bothcyanophenylgroupsofmolecule

areadsorbedabovesiliconadatoms,thecoreofthemoleculeformsanangleof7◦withSi

latticevector.Thistypeofadsorptionsuggestspredominanceofmolecule-surface(MS)

overmolecule-molecule(MM)forces.Fortheformer,themaincontributionisthevan

der Waalsinteractionofthealiphaticchainswithsiliconatomsofthesubstrate(green

circleintheFig.4.3(b)).FortheMMinteractions,themaincontributionisπ-πstacking

betweencyano-phenylgroupoftwosubsequentmoleculesinthesamenanoline(redcircle

in4.3(b)).
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KPFM

Figure4.2:a)STMtopographyofFFPBassemblyonAu(110)surface,b)structuralmodelcorrespond-
ingtoKPFMimages.LCPDandcorresponding∆fLCPDareshowninc),d),thetunnellingcurrentmap
extractedfromKPFMmeasurementforV=-500mVispresentedine).Imagesadaptedfrom[84].

(a) (b)

Figure4.3: a)STMimageofCDBnetworkonSi:Bsurface(Vbias=1.7V,It=10pA),intheinset
moleculespositionwithcharacteristicdimensionsareindicated. b) Modelofadsorptionof molecule
onSi:Bsurface,π-πstackingbetweenmoleculesareindicatedwithredcircle,chaininterdigitationis
indicatedwithgreencircle.Extractedfrom[78].
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4.3 Organisationof CDB-IassembliesontheSi:B

surface

Figure4.4presentsSTMimagesoftheorganisationofCDB-ImoleculeontheSi-B

surfaceforRTdepositions. Moleculesweresublimatedat175◦Cduring2min. After

deposition,theorganisationoflargeassembliesisseen,locatedclosetosiliconstepedges.

Themoleculesindomainsformbrightparallellines.Threedirectionsofmoleculargrowth

arefoundintheFigure4.4(b),rotatedby120◦relativetoeachother,duetothesymmetry

ofSi-Bsurface.Thechangesingrowthdirectionsareoftencausedbythedefectswhich

arebreakingtheperiodicityofthemolecularnetwork.

(a) (b)

Figure4.4: STMimagesoftheCDB-Imoleculedepositioneffectuatedonthesamplekeptatroom
temperatureinUHV.Inb),threedirectionsofnetworkgrowthareindicatedwithwhiteintermittent
lines,rotatedby120◦toeachother.Imagingparametersforbothimages:Vbias=2V,It=5pA.

4.3.1 SmalldomainsofCDB-I

STMandAFMimagesshowingtheorganisationofmoleculesinasmalldomainis

presentedintheFigure4.5.IntheconstantheightAFMimagethestructureofeach

moleculeisrecognized.Firstofall,thearomaticcoreswiththreephenylsareidentified,

wherethecentralphenylisorientedflatonthesurfaceandtwosidephenylsaretilted.

ThiscorrespondstothecontrastintheformofbrighterparallellinesseenintheSTM

image.Besides,theinderdigitationofaliphaticchainsisobserved,betweenthemolecules
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KPFM

Figure4.5:Comparisonofa)STM(Vbias=-1.9V,It=5pA)andb)AFMcontrastobtainedonasmall
moleculardomainofCDB-I.Thestructureofeachmoleculeisidentifiedandindicatedwithintermittent
line.

intheadjacentlines.Interestingly,thepartofaliphaticchainsontheborderofthe

domainisindisorder,astheydonothaveaneighbouringmoleculetointeractwith.The

orientationofmoleculesinthegivenrowisinlikemanner,thatis,theanglebetweenthe

directionofthemolecularlineandthemoleculecoreaxisisconstant.

4.3.2 LargeassembliesofCDB-I

Inordertofindtheorganisationofmoleculesintheassembliesonabiggerscale,the

edgeofalargenetworkwasimaged(Figure4.6). Onthefirstsite,intheAFMimage

thealternanceofaliphaticchainsorganisationisnoticed. Partofchainsarestraight

andwellaligned,whiletheothersarebent.IntheSTMimagethepresenceofmany

brightspotsisobserved,locatedalwaysonlyononesideofagivenmolecularrow.These

featurescorrespondtosmalldefectsofthenetwork,wherethesidephenylsappearslightly

elongatedandmovedoutofasurfaceplane.1Inordertofindthepositionofmolecules

withrespecttothesiliconsubstrate,asmallbiaswasappliedonthesamplewhileAFM

imaging.Itpermitsthedetectionofthetunnellingcurrentabovethemoleculesbutmore

importantlyalsoonthesiliconsubstrate,asshownintheFigure4.7. Thecontrast

obtainedonthesiliconatomscanbethenusedtopositionmoleculeswithrespecttothe

substratelattice.ThesiliconsubstratelatticesuperimposedontheAFMimageisshown

intheFigure4.7(c). Fromthisanalysisfirstlywemeasuretwodifferentseparations

betweenthemolecularlinesof2nmand2.35nm(correspondingtothesituationwhere

1Additionally,thehighresolutioninAFMisaccompaniedbytheexcitationsignalmeasuredonthe
wellalignedchains. Thiscanindicatethatthesemoleculesinteractlesswiththesiliconsurfaceand
thereforeitiseasiertodissipatetheenergyfromthemwhilescanninginthecloseproximityduring
constantheightAFM.
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(a) (b)

(c) (d)

Figure4.6: a)STM(Vbias=-1.8V,It=5pA)andb)AFMimagesofalargemolecularassemblyof
CDB-I.c)ZoomoftheAFMwithsharpenedcontrastispresentedinordertoemphasizethedefectsof
thenetworkcorrespondingtobrightspotsobservedintheSTMimage.Thezoneofthezoomisindicated
inb)withwhiteintermittentline.Theexcitationsignalmeasuredonthealiphaticchainsisshownind).
AFMmeasurementwasdonewithVbias=0V.

thealiphaticchainsarebentorwellaligned)whichcorrespondtod1andd2respectively,

asindicatedintheFigure4.7(c). Consideringtheorientationofmoleculesweobserve

thatthecentralphenylofeachmoleculeisplacedinthebridgepositionbetweentwo

adjacentsiliconatomsandthealiphaticchainsarealwayslocatedbetweensiliconrows.
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(a) (b)

(c) (d)

Figure4.7:ZoomoftheCDB-InetworkpresentedintheFigure4.6.a)∆fandb)Itchannelextracted
fromthemeasurement.ThesuperpositionofsiliconlatticeontheAFMimageisshowninc),d)cross
sectionprofilesforeachmoleculeshowinganasymmetrybetweenthelengthoftwosidephenylgroupsof≈
350pm.Twodifferentseparationsbetweentheassemblylinesareindicatedwithd1andd2,corresponding
to2nmand2.35nmrespectively.

Thisinturnindicatestheimportantinteractionbetweenthemoleculesandthesubstrate.

Moreover,itcanbeseenthatthe∆fcontrastonthemoleculeisnotonlyrelatedtoits

positionwithrespecttothesurfacebutalsotothetopologyofthemoleculeitself(asseen

intheFigure4.7(c)).Thecrosssectiondonethroughthemoleculesalongagivenline

ispresentedintheFigure4.7(d). Again,forCDB-Itheasymmetryoflengthbetween

twoside-phenylgroupsisfound,similarlytothesinglemoleculepresentedintheprevious



4.4AssembliesofCDB 79

chapter.ThemeanvalueoflengthdifferencemeasuredforCDB-Iis350pm±20pm.

Whatisimportant,allmoleculesinagivenrowshowthesameasymmetrythatis,the

longerterminationsarealllocatedontheonesideofamolecularrow.

4.4 AssembliesofCDB

Toverifyifthedipolarcharacterofmoleculehasaneffectontheassemblyprocess,

inthissectionthestudyofnon-polarCDBmoleculehasalsobeeninvestigated. The

depositionwasdoneinthesameconditionsof175◦Cduring2minonthesampleheld

atroomtemperature.Figure4.8showstheSTMandAFMimagesobtainedforaCDB

moleculeassembly.SimilarlytoCDB-Imoleculethedifferenceinchainorganisationis

observedintheAFMimage.Thesameanalysisofpositioningthemoleculeswithrespect

tosubstrateatomswasdoneaspresentedintheFigure4.8(c).Thedistancesbetween

themolecularlinesare2nmand2.35nm,whicharethesamedistancesmeasuredfor

CDB-Imolecules. Moreover,thesamepositionsofmoleculeswithrespecttothesubstrate

werefound,thatisaliphaticchainsarelocatedalwaysbetweensiliconatomsrowsand

thecentralphenylofmoleculesisplacedbetweentheatomsofsilicon.Fromthecross

sectionshownin4.8(d)noapparentasymmetryisobservedbutasmalldifferenceof20

pmbetweentwosidephenylgroups,whichfallswithinexperimentalaccuracy.

Fromthecomparisonofcrosssectionsthroughthecoresofthemoleculesin∆fimages

forbothCDBandCDB-I,theapparentasymmetryisobservedonlyforCDB-Imolecule.

Thediscriminationbetweenthedifferentterminationscannotbeyetcarriedout. The

terminationslengthfromthecrosssectionsofCDB-IandCDBcannotbecompared,as

theabsolutevaluesdependonthetipconvolutionandimagingconditions,mostlythetip-

sampledistance,whichweresurelynotthesameinbothmeasurements.Consequently,

∆fimagingpermitstheobservationofthemoleculeasymmetrybutadditionalKPFM

measurementsmustbeperformedinordertodesignatethedifferentterminationsofthe

moleculeasinthecaseofsinglemolecules.

4.5 KPFMonCDB-IandCDBassemblies

KPFMmeasurementsonassembliespresentedinthissectionhavebeendoneusingthe

sameexperimentalprocedureasforSi:Bsurfacedefects,describedinthesection2.3.The

gridexperimentofsmallpartoftheCDB-InetworkispresentedintheFigure4.9.For

bothgridsthetipwasretractedby200pmbeforetheexperimentandtheoscillationam-

plitudewasincreasedto100pm.Duetothefact,thatgridpointsnumberwasoptimized

toavoidasignificantlateraldrift,theresolutionobtainedonassembliesismuchinferior



80
4.ComparisonofCDB-IandCDBself-assembliesstudiedwithnc-AFMand

KPFM

(a) (b)

(c) (d)

Figure4.8: a)STM(Vbias=-1.8V,It=3pA)andb) ∆fimageofCDB molecularassembly. The
superpositionofsiliconlatticeontheAFMimageisshowninc).Crosssectionprofilesforeachmolecule
indicatedwithintermittentlineinthe∆fimageispresentedind).

thanforsinglemoleculespresentedinthesection3.4.Thelateraldriftforbothgridswas

≈250pm.Inthe∆f(Vs)mapofthefirstgrid(shownin4.9(b)),a(dark)vanderWaals

signalisdetectedonmolecules,especiallyonthree-phenylcores.Inthesurfacepotential

mapahighersignalisdetectedonmoleculecorethanonaliphaticchains.Using∆f(Vs)

mapitispossibletoroughlypositiontheterminationsofeachmoleculeofthemolecular

line.Therefore,theterminationslocatedontherightside(indicatedwithyellowarrows)

havehigherVsthantheterminationsontheleftsideoftherow(bluearrows),asshown

in4.9(c).Thesecondgridshownin4.9(d))wasdoneforthesamemolecularrowbutfor

twodifferentmolecules,inordertocheckthereproducibilityofmeasurement.Again,the
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(a) (b) (c)

(d) (e) (f)

Figure4.9:KPFMmeasurementsfortwogridsdoneonthesmallpartoftheCDB-Imolecularassembly.
Inb),c)∆f(Vs)andsurfacepotentialmapsareshown,correspondingtothegridina),ine),f)∆f(Vs)
andsurfacepotentialmapsofthesecondgridind). Yellowandbluearrowsindicatetheterminations
withhighandsmallVsofmolecules,thedurationofeachgridwas3,5h.

similarcontrastisobservedforboth∆f(Vs)andVsmaps. Thesurfacepotentialmaps

werefurtheranalysedforbothgrids,aspresentedintheFigure4.10.FromtheVscross

sectionsin4.10(b)and4.10(b)wemeasuredadifferencebetweenbothterminationsin

the60-120mVrangeandinthe70-150mVrange,respectively.Themeanvalueofdis-

tancesbetweenthemoleculeextremitiesinbothexperimentswas1.6nm.Similarlytothe

singleCDB-Imolecule(section3.4),thesametypeofsameasymmetryinboth∆fand
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(a) (b)

(c) (d)

Figure4.10: SurfacepotentialmapsofCDB-ImoleculesfromthegridspresentedintheFigure4.9.
Inb),d)Vsmapswithsuperimposednegativecontrastfrom∆f(Vs)forthegridsina),d)respectively.
CrosssectionofVsindicatedwithblackandredintermittentlinesina),d)areshowninc),f).

Vsisobserved.Thelongerterminationsassociatedwithcyanogroupshavemorepositive

Vssignal,whiletheshorterterminationscorrespondingtoiodine,havesmallerVs.The

sameasymmetryisobservedforeachmoleculealongagivenmolecularrowwhichpermits

proposingamodelwhereallthemoleculesorganisethemselveswithparalleldipolesalong

agivenrow.Thatmeansthatcyanogroupsofeachmoleculearelocatedontheoneside

oftherowandiodineterminationsontheoppositesideoftherow.

AKPFMgridmeasurementofanassemblyofCDBmoleculesispresentedinthe
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(a) (b)

(c) (d)

(e)

Figure4.11: KPFMmeasurementsforCDBmolecularassembly,a)∆fimagewithgridbeforethe
measurement,b)∆f(Vs),c)Vsandd)Vswith∆f(Vs)darkcontrastsuperimposed.Intermittentblack
andredlinesind)indicatethecrosssectionsofVsforbothmoleculespresentedine).Thedurationof
gridwas6h.

Figure4.11.Thelateraldriftof400pmwasmeasuredaftertheexperiment.Similarly

totheCDB-Imolecule,thehigherVscontrastismeasuredabovethree-phenylcorebut

alsoonpartofaliphaticchains.Superimpositionof∆f(Vs)contrastonsurfacepotential
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imageisshownin4.11(d). Fromtheimage,onthefirstsightitisseenthatahigh

negativeVssignalismeasuredonthealiphaticchainsofbothmoleculesintheassembly

andsidephenylsarechargedmorenegativelythenthecentralphenyls.Thecrosssections

realisedthroughcoreofeachmoleculeshownin4.11(e)arerathersymmetricandpresent

nosignificantdifferenceinsurfacepotential. Thedistanceusedtopointoutthetwo

terminationsis1.5nm.

4.6 Conclusions

AcomparisonofCDBandCDB-Imoleculewasdoneinthischapterusingnc-AFM

imagingandKPFMgridmeasurements.Startingfromsmalldomains,theidentificationof

moleculestructurewasdonewithinterdigitationofaliphaticchainsbetweenthemolecules

inadjacentlines.Inlargeassemblies,thealternanceofchainorganisationobservedfor

CDB-Idoesnotcomefromthemoleculedipoleasthesamebehaviourisseenfornon-polar

CDBmolecule.Regardingthemoleculepositions,forbothCDBandCDB-Ithecentral

phenylsarelocatedbetweentwosiliconatomsandaliphaticchainsareplacedbetween

rowsofsiliconatoms.Therefore,itindicatesthatdominatinginteractionintheassem-

blyprocessisvander Waalsbetweenthemoleculeandsiliconsubstrate,assuggested

previouslyin[78]. Theonlydifferenceobservedin∆fimagesistheasymmetryinthe

lengthoftwosidephenylgroupsforpolarCDB-Imolecule.IntheKPFMmeasurements,

anadditionalasymmetryisseenbetweenthemoleculesterminationsinthesurfacepo-

tentialmap,onlyforCDB-I.Forthelongerterminations,associatedpreviouslyin3.4,

ahigherVsismeasured,whilefortheshorterterminations,refereeingtoiodineatoms,

havesmallerVs. Duetothesamecharacteroftheasymmetryforeachmoleculeinthe

givenlineweproposeanorganisationmodelwherethedipolesofmoleculesareparallel

toeachotherintheeachassemblyrow.



Generalconclusionandprospects

Inthisthesis,combinedSTM/nc-AFMwithKPFMmeasurementshavebeenper-

formedonmolecularassembliesdepositedonthepassivatedsurfaceofSi:B.Allpresented

measurementshavebeencarriedoutusingaJTST/AFMSPECSsystemwithKolibri

sensoratthetemperatureof4K.Inthesubsequentpart,themainobjectivesandobtained

resultsarediscussed.

Firstofall,thesensitivityinchargedetectionoftheKolibrisensorwasverifiedvia

∆f(V)spectroscopyonthedifferentdefectsofSi:B.IntheKPFMmeasurements,different

chargestateswereobservedforthedefects:neutralforsiliconvacancy,negativeforburied

dopantandpositiveforsilicondanglingbond.Thechargestatesfallinaccordancewith

previousSTMstudies[59,60]. Fortheburiedborondopanttheabsolutevalueofthe

surfacepotential≈35mVissignificantlysmallerthenforthedanglingbond≈85mV

duetothelocationofthedopantfurtherunderthesurfaceplane. Moreover,thelateral

extentofVsofthedopantisgreaterthanforaDB.Forthedanglingbonddefect,non-

parabolicbehaviourof∆f(V)isobservedduetothesignificanttunnellingcurrentvalueat

E≈0.5V,correspondingtotheDBstatelocatedinthebandgap.Inordertoexplainthis

phenomena,twomechanismshavebeenproposed:chargetransferoftheelectronfromthe

tiptotheDBandphantomforceeffectwhichresultsinadditional∆fsignal.Theanalysis

spectroscopycurvesleadstoconclusionthatbothmechanismscancauserelativelysimilar

behaviourof∆fanditisnotpossibletoassignwhichofthemdominatesinthecaseof

thedanglingbond. Despitethis,thenegativesurfacepotentialindicatesthatforsmall

samplebiasDBisfoundinthepositivechargestate. ThemeasuredvalueVs=-85mV

constitutesthereferenceofsurfacepotentialforasinglechargelocatedonthesurface.

Thesecondobjectiveofthisworkwastostudythemolecularsystemswithsubmolec-

ularresolutionwithnc-AFMandKPFM,withoutintentionaltipfunctionalization.The

resultsobtainedforasinglemoleculehavebeenpresentedintheChapter3.Theconstant

heightfrequencyshiftimagespresentingthestructureofasinglemoleculecorrespondwell

tothemodelofthemoleculeinthevacuum(afterminimizationoftheenergy).Thecen-

tralphenylisalwaysorientatedflatonthesurfaceandtwosidephenylsaretiltedand

thereforemuchhigher∆fsignalismeasuredabovethemintheAFMimages.Thedetails
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ofaliphaticchainsareobservedaswell,intheformofbrightprotrusionswhichcorre-

spondtofivetopmostcarbonatomsofthechain,separatedby250pm. Moreover,it

wasobservedthatthealiphaticchainpositionisnotrandombuttheyarealwayslocated

betweentherowsofsiliconatoms.ForCDB-Imolecule,theasymmetryinlengthoftwo

sidephenylgroupswasmeasured,stemminglikelyfromthedifferentmoleculetermina-

tion.RegardingKPFMmeasurements,thesubmolecularresolutionhasbeenalsoachieved

insurfacepotentialimagesofsinglemolecules.Basedontheimages,twodifferenttypes

ofmoleculeadsorptionweredistinguishforbothCDBandCDB-Imolecule.Inthefirst

type,themoleculewithbothpositivelyandnegativelychargedsubmolecularfeaturesis

observed,asinthesituationwithoutsignificantnetchargetransferbetweenthemolecule

andthesubstrate. MorepositiveVsisdetectedonthemoleculecoreandloweronthe

aliphaticchains. Theoxygenatomsarerevealedinthesurfacepotentialmapsaswell,

withverybrightcontrastcorrespondingtoanegativecharge.Furthermore,forCDB-I

moleculethedifferenceincontrastisseenbetweenbothterminations,withhigheraVs

signalmeasuredabovetheterminationwithgreaterlength,possiblycorrespondingto

cyanogroup.Inthesecondtypeofadsorption,theKPFMcontrastonthemoleculeis

entirelynegative.Thistypeofcontrastisproposedtostemfromamoleculeadsorbedon

adanglingbonddefect,andwouldcorrespondtoatransferofchargefromthemolecule

toDBandpositivechargingofthemolecule.

IntheChapter4,theorganisationandorientationofCDB-IandCDBmolecules

wasinvestigatedin∆fimagesandKPFMmeasurements.Forbothmoleculesthestruc-

tureisidentifiedandtheinterdigitationofthealiphaticchainsisobservedbetweenthe

moleculesintheadjacentlines.Similarlytothesinglemolecule,thealiphaticchainsare

alwayslocatedbetweenthesiliconatoms,thereforethevander Waalsinteractionwith

thesubstrateisassumedtobethemostimportantoneintheassemblyprocess.Forboth

CDB-IandCDBtheorientationofmoleculesintheassembliesandthedistancesbetween

molecularlinesarethesame.IntheKPFMmeasurements,thedifferenceinthesurface

potentialismeasuredbetweenbothterminationsofCDB-Imolecule,whichisnotseenin

thecaseofpolarCDBmolecule.Theasymmetryofthenc-AFMtopographyandKPFM

mapofCDB-Imoleculesindicatesthedipolarorganizationalongagivenassemblyrow.

ThemeasurementspresentedintheChapters3and4showedpromisingresultsand

thehighresolutionobtainedinnc-AFMandKPFMimagesobtainedwithoutintentional

tipfunctionalizationonmolecularassemblies.Inthefrequencyshiftimagesthestructure

ofmoleculeswereidentifiedbutcouldbestillimprovedbyfunctionalizingthetipapex

withsinglemolecule. Therearenostudiespublishedsofarconcerningtheprocedure

ofcollectingCO(oranyothermolecule)fromthesemiconductorsurface. Moreover,the

adsorptionandtheSTMcontrastofCOdepositedonthesiliconsurfaceisnotknown.The
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alternativemethodwouldbecollectionCOfromthemetalsurfaceandthenapproaching

thetiponthetargetsiliconsamplewithalreadyfunctionalizedtip.Ithasbeenshown

byGiessibl(conferencetalk,19thInternationalConferenceonNC-AFM,2017)thatthis

methodbroughtthesatisfactoryresultsifthemicroscopetemperaturedoesnotincrease

significantly(above30K)duringchangingthesamples.Thetipfunctionalizationisnot

onlyadvantageousinenhancedresolutioninnc-AFMandKPFMimagesbutwouldalso

permitthequantitativeanalysisofobtainedresultsinlinkwithsimulationswherethetip

apexcanbeaprioriknown.
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