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Abstract　TwoＧdimensional(２D)materialsdistinguishthemselvesbyhighspecificsurfaceareasandwide
tunabilityin nanophotonicsresearch．Asthedevelopingof２D materialsopticalandoptoＧelectronic
investigations,scanning probe microscopy provides high spatialresolution and strong localfield
confinement,whichcanrealizethesinglemolecularandatomiclevelofcharacterization．Here,wereview
thenanophotonicandoptoＧelectronicfeaturesofbothpristineandhybrid２Dmaterialswhicharemeasured
byscanningprobemicroscopy．Theconclusionandprospectiveofscanningprobetechniquesforthefuture
２Dmaterialscharacterizationandpracticalapplicationsarepresented．
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１　Introduction

FortwoＧdimensional(２D)materials,weakinterlayervanderWaalsbondingallowsexfoliationtothe
monolayer,wherethequantumconfinementresultsinopticalandelectronicfeaturesdifferentwiththatof
bulkmaterials[１,２]．Thesevariedelectronicpropertiescanleadtoabroadelectromagneticspectrum
[３],andcanbeappliedfornonＧdeviationdevices,etc．Withamonolayerorfewlayers,mostof２D
materialshavestrongopticalresponseunderincidentillumination,andfurtherboomtherelatedoptoＧ
electronicapplications．

Scanningprobemicroscopy (SPM)hasbeenappliedfor２D materialcharacterizationfrom different
aspects．SPM hassuccessfullyresolvedthemolecularstructureattheatomicleveland measuredthe
topographyof２D materials．Theobtainedspatialdistributionofphotonandelectronstateindicates
materialoptoＧelectronicpropertiesandcontributestounderstandingtheunderlyingphysicalmechanism．
Ontheotherhand,themetallicscanningprobecancoupletoincidentlight,whichleadstoextreme
localizedfieldenhancementbetweenthetipandmaterialsurfaceatthenanoscale．Theresponsiveoptical
signalcanrevealthemolecularinformationandhelpincharacterizing２D materialopticalandstructural
properties．

Inthisreview,wefirstintroducetheprincipleandapplicationofdifferentSPM,andthentheopticaland
optoＧelectronicpropertiesofintrinsicgrapheneandhybridTMD materialsaresummarized．Finally,a
perspectiveofmoderncharacterizationmethodsforfuture２Dmaterialinvestigationisgiven．
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２　TheprincipleandapplicationofSPMfamily

Scanningtunnelingmicroscopy(STM)andatomicforcemicroscopy (AFM)aretwotypicalkindsof
SPM,wherethescanningtipwithadifferenttipＧsamplefeedbacksystemcanbecontrolledbyeither
constantheightmodeorconstantinteractionmode[４]．ThecantileverbasedtipisusedforAFM,while
theconductingprobeisappliedforSTM．Thenanoscaletopographyof２Dmaterialflakescanbeeffectively
obtainedwithAFMandSTM measurements．Ontheotherside,theopticalandelectronicpropertiesofthe
２DmaterialcanbeinvestigatedbyusingtipenhancedRamanscattering(TERS)andKelvinprobeforce
microscopy(KPFM),wherethematerialsurfacepotentialandelectrontransferprocesscanbeanalyzed．

STMasatypicalmemberofSPMfamilyworkswiththefeedbacksignaloftunnelingcurrent[５]．The
wavefunctionsofthescanningtipandsampleatomsoverlapinaclosedistance,whichdriveelectrons
tunnelingthroughtheenergybarrier．Thiselectrontransfergeneratesthecurrentbetweenthetipand
detectedsamplesurface．Inastandardoperation,bykeepingthecurrentconstantand measuringthe
displacementofthescanner,thesurfacetopographycanbeobtainedinatomicresolution．Asshownin
Fig．１(a),theSTMimageofathingraphenesheet(~１．５nmthick)showsaclearhoneycombstructure
whichhasagoodagreementwiththeoreticalresults[６]．AlthoughSTMtechnologyisrestrictedtothe
conductingmaterial,ithasbeeneffectivelyusedtomeasurethetopographyofgrapheneandother２D
materials．

Figure１　(a)STMimageofagrapheneflake．Theatomicstructureshowsahexagonalpattern[５]．(b)AtypicalAFM
imageofMoS２flake．Theheightprofileindicatesthesheetthicknessof６．４nm．

IncomparisonwithSTM,AFMcanbeappliedtomeasureallofthesamplesbutwithalowerspatial
resolution．Insteadofdirectlymeasuringtheatomicforcebetweenthetipandsample,theAFMprobeis
attachedtoanelasticcantileverwhichcanbeusedtoreflectthediodelaser．Duringthescanningofthe
sample,theforce betweenthetip and surfacecaninducesubtle bendinginthecantilever．The
correspondingshiftofthereflectedlaserinthedetectionscreencandescribethesampletopography．AFM
hasbeenwidelyappliedtomeasurethetopographyandheightprofileof２Dmaterialflakes[７]．Asshown
inFig．１(b),theAFMimagereflectsthedefectandthicknessofMoS２ monolayeras６．４nm．

TERSisatechniquethatcombinesSTMandRamanspectroscopy,whichisusedtoanalyzethechemical
structureofdetectedmaterials[８,９]．ComparedtotheconventionalsurfaceenhancedRamanspectroscopy
(SERS)[１０—１２],TERScanprovidebothstronglocalizedfieldenhancementandhighlateralresolution
downto１０nm,whichdependsonthetipsizeoftheprobe [１３—１６]．AsshowninFig．２(a),the
excitationlasercouplestotheTERStipandformsastronglocalizedfieldinthedetectingarea．The
scatteringsignaliscollectedbytheobjectivelensinthefarＧfield．Thehighspatialresolutionproperty
furtherdevelopstheopticalcharacterizationof２Dmaterialsatthenanoscale．

KPFMisaneffectivetooltomeasurethelocalcontactpotentialdifferencebetweentheAFMtipandthe
sample[１８,１９]．Thesurfacepotentialofthesamplecanbemeasuredwithahighspatialresolution,and
itselectronicpropertiesofthesamplesurfacecanbecharacterized．Atypicalsurfacepotentialimageof
triangleMoS２ＧWS２ heterostructureisshowninFig．２(b)．TheworkfunctiondifferenceofsingleＧlayer
MoS２andbilayerWS２canbeclearlyobserved[１９],whichcanbeusedtoexploretheelectrontransfer
processandrelatedoptoelectronicfeaturesofthisheterostructure．
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Figure２　(a)SchematicofatypicalTERSdetectioninthetransmissionmode．Thelocalizedfieldwaseffectivelyenhancedat
LSPresonance．(b)KPFMimageofMoS２ＧWS２heterostructureontheSiO２substrate．Differentmaterialworkfunctionslead
totheobservablesurfacepotentialdistinction[１７]．

３　Pristineandhybrid２DmaterialswithSPMcharacterization

Graphene,asaspecialzerobandgapsemiＧmetal２D material,hasawiderangeofelectronicandoptoＧ
electronicapplications．Ontheotherside,transitionＧmetaldichalcogenides(TMD)monolayersaredirect
bandgapsemiconductorswithastronglightＧmatterinteraction,whichhaspotentialapplicationsforthe
optoＧelectronicdevices．BothgrapheneandTMDmaterialsarehighlytolerantandchemicallystable,thus
aresuitablecandidatesforthedurablenanophotonicdeviceinthefuture．
３．１　Pristinegraphene

Graphene,asoneofthemostinvestigated２D materials,hasuniqueopticalandelectricalproperties
[２０]．Scanningprobemicroscopypavesthewayforthehighspatialresolutionstudyingraphene[２１,２２],
andprovidesanoptioninrevealingitsphysicalmechanismatthenanoscale．

Localstrainofgraphenerelatestightly withthepseudoＧmagneticfieldofthe materialandfurther
modifiesitselectronicbandstructure,whichimpactsonbothphotoconductivityandphotoresponseof
grapheneＧbaseddevices．DuetothediffractionＧlimit,theconventionalRamanspectroscopycanbehardly
usedtostudythelocalstrainatthenanoscale．However,TERSwiththetipsizeoftensofnanometers
overcomesthislimitandrealizesalocalmeasurementofstraininthegraphenemonolayer．Asshownin
Fig．３(a),thepositionofstraincanbeclearlyobservedfromtheTERSmapping,andthetypeofstrainis
reflectedbytheG′peakofRamanspectra．Thisstudyoffersthemethodofcharacterizingthestrainof
graphenewithahighspatialresolution,whichcontributestotheinvestigationofgraphenequantum
properties,andalsothedesignofgrapheneＧbasedoptoＧelectronicdevices．

Figure３　(a)Left:TERSmappingofgrapheneG′band．Right:Ramanscatteringspectraoftipup/downtwosituations
[２３]．(b)TipEnhancedRamanMapping(TERM)ofamonolayergraphenesheet．TheRamanDＧpeakintensityimageshows
pointdefects[２４]．
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Defectsingraphenehavearousedwideinterestfortheirsignificantimpactonthedeviceperformance
[２２,２３]．Theconventionalconfocalmicroscopyhasbeen widelyutilizedtostudydefects [２５—２７]．
Howeveritsufferstheweaknessinestimatingthedefectsize,especiallyforthelocalizedindividualdefect．
SPM withthehighspatialresolutionprovidesaneffectivewaytomeasurethepointtopointdistance[２８]．
ItwasreportedthattheindividualdefectingraphenewassuccessfullymeasuredbyTERS,asshownin
Fig．３(b)．Fromthespectrum,wecanseethevalueofI(D)/I(G)hasthepositivecorrelationwiththe
occurrenceofdefects．BothinterＧdefectdistanceandsizeofindividualdefectscanbedetermined [２９],
whichavoidpotentiallynegativeinfluenceonthedevelopmentofgrapheneＧbaseddevices．Ontheother
side,thesedefectscanalsoplaytheroleoftuninggrapheneopticalproperties[３０,３１]．Incomparison
withregularmethods,i．e．theimpurityintroductionandbiasdoping,thedefecttuningtechniquehasthe
advantageinaccuracycontrolatthenanoscale,whichbroadenstheutilizationofdefectsingrapheneforthe
futureoptoＧelectronicdevice．

Besidesthedefectofgraphene,otherintrinsicdiscontinuitiescanalsoinfluencethematerialopticaland
electricalproperties[３２,３３]．Wrinkles,forexample,canaffectthegrapheneelectrontransportandlimit
thephotoconductivityperformance．Inordertoinvestigatethegraphenewrinkles,TERSwasintroduced
tocharacterizetheopticalandchemicalpropertiesofthesediscontinuitieswithahighresolutionasshown
inFig．４(a),wheretheG′peakexperiencedaconspicuousintensitydecreasingatthelocationofwrinkles
[３４]．ThisTERSstudyhelpsinunderstandingthestructurecurvatureeffectongraphene,further
providingthemethodtoavoidthepotentialinfluenceofwrinklesonthefuturedeviceapplication．

Figure４　(a)Left:STMimageofgraphenewrinklestructure．Right:CorrespondingTERSimageofG′peak
intensity[３４]．(b)TERSspectraofgrapheneindifferenttiltedgeometryinthenearfield[３５]．

Inordertofurtherinvestigatetheselectionrule,polarizationＧdependentTERS wasperformedon
graphene,wherecorrespondingpeakintensitiesofGandG′bandchangedenormouslyinthenearfield
(Fig．４(b))[３５,３６]．ThisresultcontradictstotheselectionruleoftheconventionalRamanscattering
[３７],andsuggestsaquantumprocessofphotontunneling．ItdeepenstheunderstandingoftheTERS
mechanismandbroadenspotentialoptoＧelectronicutilizationofgrapheneasthesubstratefortheTERS
measurement[３８]．

GraphenehasalsobeenusedtoinvestigatetheplasmonicresonanceintheTHzregion．Thegrain
boundaryandsurfacedefectmentionedaboveplayanimportantroleinthescatteringofsurfaceplasmon
polaritons(SPPs)．TocharacterizetheSPPspropagationinthegraphenemonolayer,theAFMtipwas
usedtoinducetheSPPsexcitation [３９—４２],andthetipＧscatterednearＧfieldopticalsignalcouldbe
measuredbytheHgCdTedetectorintheinfraredregion．AsshowninFig．５(a),thegrapheneSPPs
amplitudeandphaseinformationwerecollectedbythemodifiedAFM,fromwhichwecouldtelltheheight
ofthegraphenechangedfrom monolayertobilayer．Incomparison withthe monolayer,theSPPs
propagationinthebilayergraphenehasdecreasedamplitudeandsmallerexcitedwavelength [３６,３７]．
Thisstudyprovidesacomprehensivewayofdetectingandtuningtheelectronicstructureofgrapheneatthe
nanoscale,andhaspotentialingrapheneＧbasedplasmonicapplications[４３]．

Similartotheintrinsicdefectofgraphene,edgeeffectscanalsoimpactontheplasmonbehavior[４６]．
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Figure５　(a)Height,amplitudeandphasemapsofgraphenenanoribbon[４４]．(b)SchematicandresultsofrealＧspace
mappinggraphenenanodiskplasmonmodesexperiment[４５]．

Thegeneratedplasmonresonancemodeprovidesaneffectiveconfinementandenhancementofthelocalized
field．Inordertostudytheseresonancemodes,AFMＧbasednearＧfieldopticalmicroscopywasapplied,
wheretheprobetipcouldbeusedtoenhancethelocalizedelectromagneticfield．FromFig．５(b),wecan
seethattheplasmonnearＧfieldresonancechangeswiththediameterofthegraphenenanodiskincreasing
from５０to４５０nm,withitsmaximumintensityobtainedatthediameterof２００nm,andedgeplasmon
enhancementappearswiththenanodiskdiameterof７５nm．Thissizedifferenceindicatesresonancemodes
distinctionbetweenthegraphenesheetandedge,andopensuptheinvestigationforedge modesof
graphenebytherealＧspaceimagingtechnique．
３．２　HybridTMDmaterials

Comparedtointrinsicgraphene,hybrid２D materialshaveawidertunabilityinopticalandelectrical
propertiesbyintroducingnanostructureswithstrongandfunctionaltuningability．Bycoupling with
materialsindifferentdimensionsvaryingfrom０Dto２D,hybridstructuresshowdistinctanddiversiform
opticalandoptoＧelectronicpropertiesforthedeviceapplication．

Moleculesastypical０D materials,canbringvariousopticalfeaturesandenrichhybridstructures
properties[４７—５０]．Forexample,NiPcmoleculeswereusedtomanipulatethePLresponseofWSe２

monolayerbyreducingtheirpotentiallocationsbetweentheWSe２conductionandvalencebands．Fromthe
AFMimageofFig．６(a),theWSe２ monolayerwasfunctionalizedbyNiPcmolecules[５１]．Comparedwith
thePLspectrumofpristineWSe２,theWSe２ＧNiPchybridpresentsaPLintensitydecrease,whichconsists
withthetheoreticalestimation．ThisPLtuningisreversiblewhenNiPcmoleculesarerinsedfromthe
WSe２ monolayer,whichindicatesanactive manipulationin TMDＧbasedoptoＧelectronicdevicesatthe
molecularlevel．

Ontheotherside,semiconductorquantumdots(QDs)distinguishthemselvesbymiscellaneousnessand
widesizeＧtunability[５２,５３]．HybridstructuresofTMDmaterialsandquantumdotscantailortheoptical
performancefortheoptoＧelectronicapplication[５４]．AsshowninFig．６(b),theWS２flakespinＧcoatedby
CdSe/ZnSQDscanbeimagedbytheAFM．Inordertostudytheelectrontransferinthishybridstructure,
thetransientabsorptionspectrumwasmeasured．TheresultshowsthatelectronsofQDsandholesfrom
WS２cangenerateindirectexcitons,whichleadstoaneffectiveexcitoncoupling,andcontributestothe
designofhybrid０D/２Dheterostructuresforthesensordevice[５５]．

ComparedtowidelyutilizedsemiconductorQDs,grapheneQDshaveabroadexcitonicabsorptionband
[５９,６０],whichsatisfiestheneedforphotovoltaicdevices[６１]．ByapplyingthetipＧinducedmethod,the
formativegrapheneQDscanconfineelectronsinthestructuregap,andresultintheenhancementofthe
localfield．ThespatialenergydependencecanbeprobedbythetipＧinducedQDasshowninFig．６(c),
which verifies electron behaviors of graphene QDs．Thistip potential probing method helpsin
manipulatingexcitonicenergyofgrapheneQDs,andbroadenstheapplicationsofQDsingrapheneＧbased
optoＧelectronicdevices[６２,６３]．

TheelectronicstructureofgrapheneＧmetalhybridswaswidelystudiedforoptoＧelectronicapplications
[６４,６５]．TERSwasusedtomeasuretheopticalresponseofgrapheneＧAunanoparticle (NP)hybrid
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Figure６　(a)Left:AFMimageofNicklePc(NiPc)moleculesadsorbedonthe WSe２singlelayer;Right:PLintensity
spectraofpristineWSe２,WSe２ＧNiPcandWSe２nanosheetsafterrinsingNiPc[５６]．(b)AFMimagesofWS２nanosheetafter
beingspinＧcoatedbyCdSe/ZnSnanodots．Theheightprofileindicatestherisingthicknessofnanosheetfrom０．７to８nmafter
coating[５７]．(c)TopographyofatipＧinducedgraphenequantumdot[５８]．

structure,asshownintheleftimageofFig．７(a)．FromtheTERSspectrum,wecanseethatelectrons
areeffectivelyrestrainedbyAuNPsonthegraphene[６６]．ComparedwiththegrapheneＧmetalhybrid,
TMDＧmetalhybridsshowalargetunabilityinoptoＧelectronicproperties．TheTERSmappingofaMoS２

envelopeonAunanotrianglestructuresshowsthatthebrightestspotscorrespondtothestrongeststrainin
thebendingofMoS２ monolayer(rightimageinFig．７(a))[６７],whichindicatestheapplicationofstrainＧ
tuninginTMDＧmetalhybrids．

Figure７　(a)Left:TERSspectraofgrapheneＧAuNPswithandwithouttipawayfromAuNPs[６６]．Right:TERSimage
ofsecondorderderivativepointsinMoS２/Aunanotrianglehybrids[６７]．(b)KPFMsurfacepotentialdetectionofAuＧMoS２

hybridmaterial．ThethicknessofMoS２is１８．４nm [６８]．
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Bycouplingwiththemetallicnanostructure,thePLof２Dmaterialscanbemanipulated．Toinvestigatethe
effectoftheelectroninjectionprocessonthePLintensity,KPFM measurementwasperformedtoobtainthe
surfacepotentialofnanoflakesunderdifferentlightilluminations(Fig．７(b))[６８]．TogetherwithPLresults,it
canbeseenthattheilluminationaffectslessinthethinnerMoS２flakethaninthethickerone,whichindicatesthat
theelectrontransferprocessfromMoS２toAuNPdominatesinthethinnerflake,andresultsinthePLquenching．
ThisstudycontributestorealizingPLtuningin metalＧMoS２ hybridsby manipulatingthethicknessofthe
nanosheet,thushelpingindevelopingTMDＧbasedoptoＧelectronicdevices[６９]．

ExcitoniceffectsofTMDheterostructureshavearousedattentionfortheirwideopticalapplications[７０,
７１]．ThetopographyofMoSe２onthebilayerdgraphene(BLG)heterostructuresurfaceisshowninFig．
８(a),wherethemoirepatternofMoSe２monolayermisfitsthelatticeofMoSe２/BLG．BymeasuringthePL
ofMoSe２/BLGheterostructureatroomtemperatureand７７K [７２],the０．０８eVpeakＧshiftwasrecorded,
whichindicatedtheriseofopticalbandgapintheMoSe２ monolayerinducedbytheBLGsubstrate．This
experimentrevealsthetemperatureＧdependentpeculiarityofexcitonＧholeexcitationbindingenergybetween
theMoSe２andBLG．

Figure８　(a)Left:TopographyofsingleＧlayerMoSe２onbilayergraphene．DistinctionofMoSe２latticeandtheMoirepattern
hasanangleof３degree．Right:PL measurementsofMoSe２/BLG monolayerat７７Kandroomtemperature,respectively
[７３]．(b)KPFM measurementsof MoS２ nanosheetsonbothglassand DihexanoicacidＧperyleneＧdiimide (DHAＧPDI)
substrates,respectively[７４]．

TMDＧorganicheterojunctions,ontheotherside,aresuitablecandidatesforphotovoltaicapplications
becauseoftheirhightoleranceandlow preparationcost．Thesurfacepotentialof MoS２/DHAＧPDI
heterostructurewasinvestigatedbytheKPFM [７４]．AsshowninFig．８(b),differentheterostructuresof
MoS２/PDIandMoS２/SiO２ weremeasuredinthesamesquareregionwiththesizeof２μm．Theresult
showsthatMoS２/PDIhasadecreaseinthesurfacepotentialunderillumination,whiletheMoS２/SiO２

heterostructurenearlyremainsthesame,whichsuggestsanefficientelectroninjectionfrom MoS２toPDI
undertheincidentillumination[７５]．

４　Conclusionandperspective

IntheinvestigationofnanophotonicfeaturesofgrapheneandTMDmaterials,SPMplaysanimportant
roleinprovidinghighspatialresolutioninformationofthenanostructure．Forpristinegraphene,itsoptical
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andoptoＧelectronicfeaturesareimpactedbytheedgeeffectandotherintrinsicdiscontinuities,suchas
defectsandwrinkles,whichcanbecharacterizedandmanipulatedbySPM．Forhybrid２Dmaterials,the
stackedheterostructurecanobtainabroadtuningabilitycomparedwiththeintrinsic２Dmonolayer．The
hybridsin differentdimensions wereintroducedandcomparedforthefutureoptoＧelectronicdevice
application,which werecharacterized by various SPM with high spatialresolution and enhanced
electromagnetfieldatthenanoscale．

Forthefutureresearch,advancedtechniquesareinneedforadeeperlookingofinsightphysicsof２D
materials．FunctionintegrationsofSPMandotheropticalcharacterizationmethodsarerequiredforinＧsitu
opticalmeasurementsinsomeextremeconditions．BesidesTERS,thecombinationofPLandultrafast
laserswithSTMcanrealizeTEPLandTHzＧSTMtechniques,respectively[７６,７７]．OtheroptoＧelectronic
characterizationssuch as photocurrent and cathodoluminescence are candidatesin scanning probe
measurementsof２D materials[７８]．Thesecharacterizationmethodshavepotentialapplicationsforthe
strongcouplingoflightＧmaterinteraction,andcanleadtoanunprecedentedfutureforthe２D material
basedoptoＧelectronicdevices．
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