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Abstract:Afacileapproachwasdevelopedforthedecorationofmonolayertungstendisulfide(WS2)and
molybdenumdisulfide(MoS2)nanosheetswithuniformgoldnanoparticleswithpreciselycontrolledsizes,
andtheirplasmonicpropertieswereexaminedatdifferentlaserexcitationwavelengthsfortracedetection
ofRhodamine6G(R6G)usingsurface-enhancedRamanscattering(SERS).Homogeneousdepositionof
goldnanoparticleson WS2 and MoS2 nanosheets wasachieved bythereductionofhydrogen
tetrachloroaurateviaaseed-mediatedgrowthmethod.Theas-preparedheterostructureswerecharacterized
usingscanningelectronmicroscopyandRamanspectroscopy.SeveralsubstratesexhibitedaRaman
enhancementfactorontheorderof~108,whichisalmostsufficientforthedetectionofsinglemolecule.
Ourresultsdemonstratethatcontrolleddecorationofnoblemetalnanoparticlesisafeasibleandgeneral
strategyforstructuralmodificationofultrathintransitionmetaldichalcogenidestodevelophighly-efficient
andflexiblesubstratesfornextgenerationofSERS-basedchemicalandbiologicalsensors.
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Introduction
Theabilitytodetecttraceamountsoftargetanalytessuchasenvironmentalpollutants,explosivehazards,

andspecificdiseasebiomarkershasgarneredenormousattentionamongthescientificcommunity[1-3].Surface-
enhancedRamanscattering(SERS)isapotentialtechniquetoachieveminusculeleveldetectionwithspecificity
forchoiceanalytes,ithasbeenutilizedforreproducibleanalytedetectionofsingle-moleculequantities[4-5].SERS
wasfirstdiscoveredover40yearsagowhenitwasshowntoenhanceananalyte’sRamansignalonaroughed
silverelectrode[6].Sincethen,twocontributingmechanismsforSERShavebeendeveloped,electromagnetic
enhancementandchemicalenhancement[7-8].ThisworkisaimedtobuildupontheeffortstodevelopnovelSERS
substrates.Usingthewell-knownelectromagneticenhancementofgoldonflexibleopto-electronictransition
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metaldichalcogenides(TMDs)tocreateflexiblesubstratesforSERSapplicationsandstudyhowvarying
parametersaffecttheenhancementseenfromthesehybridmaterials[9-11].

Two-dimensional(2D)layeredmaterialshavebecomeanincreasinglypromisingpotentialbuildingblockfor
chemicalsensing.TMDs,andother2Dlayeredmaterialsowethispotentialitytotheirtunableandintriguing
electricalandopticalproperties[12].Asaresult,2Dmaterialscanexhibitplasmonicpropertieswhichisone
applicationtopursueSERS-basedsensingtechnology.2DmaterialssuchasTMDsandgrapheneowetheirSERS
propertiesmainlytothechemicalenhancementtheory.Bywhichthe2Dmaterialactsaschargedonorsandthe
analyteacceptorstoincreasetheobservedRamansignalfromtheanalyte[13-15].AlargeareaofresearchonTMDs
materialsisfocusedonthefutureprospectofoptimizingtheseatomicallythinlayeredmaterialsfortransistors,
semiconductors,andotheropto-electronicdevices.Duetotheirsizeandthicknessthiswillallowforthesedevices
tobenanoscale,flexible,stretchableandtransparent[10,11,16].ThefactthatTMDsnanosheetscandisplaySERS
characteristicsmakesthemanoptimalchoicefordecoratingwithSERSactivenoblemetalnanoparticles,beyond
justprovidingaflexiblesubstrate.

Goldnanoparticles(AuNPs)havebeenstudiedextensivelyforSERSsinceitsdiscovery.AuNPshavebeen
showntoprovideremarkableRamanenhancementofupto1014[17].GoldhasbeenemployedforSERSthrougha
varietyofmeans.Ithasbeenutilizedasananoscalegoldtipabovethesubstrate,AuNPs,AuNPcoatedinother
metalsornonmetallic materials,surface-decoratedsubstrates,andthinfilms[2,18-20].Thestrong Raman
enhancementobservedcombinedwiththeversatilityandeaseofsynthesismakesgoldmoietiesanattractive
SERSsubstrateorsubstratecomponent.

ThisworkaimstoopenthedoortothecreationofreusableflexibleSERSsubstratesconsistingofAuNP-
decoratedTMDsheterostructures.HereinwereporttheSERSeffectivenessofthesesubstratesandtheir
comparativeefficacyundervaryingconditionssuchasnanoparticlesize,laserfrequency,andTMDssubstrate
used.AuNPswerecreatedofvarioussizeswithaseedmediatedgrowthforcomparison.Decorationwasachieved
throughspincoatingAuNPsolutionsontoas-grownTMDssubstrates.TheSERSeffectivenesswasmeasured
throughthedetectionofamodeldyeRhodamine6G(R6G).

1 Experimental
1.1 ApparatusandMaterials

AHoribaLabRamHREvolutionwasusedtodeterminethenumberoflayersforasgrownTMDsalong
withcarryouttheSERSstudyafterAuNPsdecoration.AFeiNovaNanoSEM630wasusedtofurther
characterizeTMDs,observeAuNPsizeanddecorationoftheTMDssubstrates.

Sulfurpowder99.5% and WO3powder99.999% werepurchasedfrom AlfaAesar,99% R6G was
purchasedfrom Acros Organic.NaBr99%,MoO2 99%,Gold(Ⅲ)chloridetrihydrate >99.9%,

Hexadecyltrimethylammoniumbromide(CTAB)>99%,2.5%AgNO3solution,99%L-ascorbicacid,>99.0%
sodiumcitratetribasicdehydrate,and98%sodiumborohydridewerepurchasedfromSigmaAldrich.Allaqueous
solutionswerepreparedbydeionized(DI)waterunlessspecifiedotherwise.
1.2 GrowthofMoS2andWS2Nanosheets

MoS2andWS2samplesweregrowninaThermoScientificLingbergBlueMchemicalvapordeposition
(CVD)furnace.MoS2growthwasdoneonSiO2/Siwafers.Thewaferswereplacedpolishedsidedownoverthe
sampleboatinthecenterofthetubefurnace.Thesampleboatcontained1mgofa10∶1mixtureofMoO2and
NaBrbyweight.100mgofsulfurpowderwasplacedinasampleboatjustoutsidethetubefurnacewiththis
portionofthetubecoveredwithaheatingrope.TheFurnacewasheatedto800℃overthecourseof20minand
heldatthistemperaturefor5min.Sulfurwasheatedto220℃andcarrieddownstreamby100standardcubic
centimetersperminute(sccm)ofAr.After5min,thefurnaceiscrackedopentoincreasethecoolingrate.The
WS2growthfollowedasimilarprocedure.Theinnerfurnacesampleboatheld10∶1ratioofWO3andNaBrfor
thetungstenprecursor.Thefurnacewasrampedto825℃overthecourseof20minandheldfor10min.The
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heatingropewassettoheatthesulfurat220℃andcarriedthroughthetubebyaflowof200sccmAr.
1.3 GrowthofGoldNanoparticles

AuNPsweregrownviaaseedmediatedgrowth.Theseedsolutionwascreatedbyfirstplacinga0.1mol/L
solutionofNaBH4onice.A25mLreactionvialwasfilledwith18mLofDIwatertowhich50μLof0.1mol/
LHAuCl4,50μLof0.1mol/Lsodiumcitrate,600μLofthechilledNaBH4,andsonicateduntilthoroughly
mixed.Thegrowthsolutiontowhichtheseedsolutionwouldbeaddedwasmadewith10mL0.1mol/LCTAB,
350μL0.1mol/LL-ascorbicacid,250μL0.1mol/LHAuCl4,and50μL0.1mol/LAgNO3.Threeseparate
solutionsofthisgrowthsolutionwerecreatedtowhichdifferentquantitiesofseedsolutionwereadded.25,5,0.
5μLwereaddedtooneofthethreesolutionswithDIwatersothetotalamountofaddedliquidtothesolution
was25μL.Eachsolutionwascentrifugedat4750r/minfor1h.theprecipitatewasresuspendedinDIwaterand
theprocesswasrepeatedseveraltimestowashthegrownparticles.

2 ResultsandDiscussion
2.1 SynthesisandCharacterizationofMoS2andWS2Nanosheets

MoS2andWS2nanosheetsweregrownaccordingtotheaforementionedproceduretooptimizethegrowthof
monolayerislandsamples.TMDssuchasMoS2and WS2haveindirectbandgapsintheirbulkform.As
monolayersthesestructureshavesizabledirectbandgaps.Thisgivestheminterestingoptoelectronicproperties
forsensingand potentialnanoelectronics,makingthem theidealform fortheheterostructureSERS
substrates[21].Fig.1showstheE12gandA1gstretchingmodesofthegrownMoS2andWS2nanosheets.Monolayer
WS2hasthesestrechingmodesinat356and417.5cm-1,whichisgoodagreementwithourexperiment
results[22].LikewithWS2observingthechangeinthedifferencebetweenthesetwostretchingmodesforMoS2
givesinsightintothenumberoflayersinthesample.Sub20cm-1differencebetweenthesemodesisanindicator
ofmonolayeredmaterial,whichisobservedinthegrownsample[23].TheRamandataindicatesthesubstrates
usedweremonolayerMoS2andWS2,respectively.

Fig.1 Ramanspectrawitha488nmlaserexcitationofasgrownTMDstoconfirmmonolayergrowth
(A)WS2wasobservedtohaveRamanshiftsat356.57and418.28cm-1;(B)MoS2wasobservedtohaveRamanshiftsof383.43and402.69cm-1.

图1 用488nm激光激发下的的拉曼光谱来确认单层生长
(A)WS2在356.57和418.28cm-1处有拉曼位移;(B)MoS2在383.43和402.69cm-1处有拉曼位移。

2.2 SynthesisandCharacterizationofAuNPs
AuNPsweresynthesizedviatwodifferentmethodsdiscussedabove.TheAuNPssolutionswerethenspin

coatedontotheSiO2/SiwafersthattheTMDsweregrownonforSERSapplications.Fig.2showsastandardized
sizecomparisonbetweentheparticlesandtheircoverage.AfterdryingtheappliedAuNPssolutionontothe
TMDssubstrates1.0×10-6mol/LR6GsolutionwasspincoatedontothesurfaceforSERS.Theseasprepared
substrateswereanalyzedundertwodifferentlaserfrequenciestocomparesizeofAuNPs,typeofsubstrate,and
frequencydependence.
2.3 SERSCharacteristicsofAuNPs-DecoratedMoS2andWS2Nanosheets

Fig.3showsthespectrathatwereobtainedwhenprobingSERSeffectivenessofthecreatedsubstratesat
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Fig.2 SEMimagesofas-grownAuNPsonMoS2andWS2nanosheets
(A)25nm,(B)35nm,and(C)400nmpriortoSERSstudyoradditionofR6G.Scalebar:500nm.

图2 长在 MoS2和 WS2纳米片上的AuNP3 的扫描电子显微镜(SEM)图像
(A)25nm;(B)35nm;(C)400nm.

differentlaserfrequenciesforthespectraofR6Gobtainedat5%laserpower[24].Immediatelyuponobservationa
sizecontingencyisobservedacrossthesampleswhichistobeexpectedbasedonpreviousSERSstudiesof
AuNPssize[25].ThelargestAuNPsexhibitedlittletonoSERSonthedetectionofthechoiceanalyte,andthe25
nmsizedAuNPscontainingsubstrateshadthebestenhancement.The35nm AuNPssubstratesproduced
enhancementtoalesserdegreethanthe25nmsamplesineverysamplethatenhancementcouldbeobserved.10
nmsizedAuNPsproveddifficulttoacquirespectrawithanyenhancementatallexceptforontheWS2substrate
underthe488nmlaserexcitation.

Fig.3 Surface-enhancedRamanspectraof1.0×10-6 mol/LR6GonAuNPdecoratedTMDssubstrates.WS2under488nm
(A),MoS2under488(B),WS2under633nm(C),andMoS2under633nm(D)

图3 表面增强拉曼光谱
1.0×10-6mol/LR6G的在金颗粒修饰的 WS2上,488nm激光激发(A);在金颗粒修饰的 MoS2,488nm激光激发(B);金颗粒修饰的

WS2上,633nm激光激发(C);金颗粒修饰的 MoS2上,633nm激光激发(D)

ThespectraoftheMoS2substrateunderthe488nmlaserexcitationweredominatedbyfluorescenceofthe
R6G.Asaresult,R6Gpeakswereunabletoberesolvedfromthis.Thiswasseenacrossallthespectraobtained
forthissubstrateundertheseparametersandissurprisingsinceAuNPshavefluorescencequenchingproperties
andthefluorescencewasnotseenonanyoftheothertestconditionstothislevel[26].Potentiallyindicatinga
parameterofthesubstrateortestisatplay.

ThebestperformingsubstrateforSERSforthetwoTMDsubstrateswasnotunderthesamelaser
frequency,thoughitwaswiththesamesizeAuNPs.Theuseofthe488nmlaserproducedthestrongest
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enhancementwithWS2acrossallsubstrateconditionsthatexhibitedanyenhancement.WhilewithMoS2the
strongestenhancementcameunderthe633nmlaserexcitation,asfluorescencedominatedthespectrumunderthe
488nmlaserexcitation.Upon633nmlaserexcitation,MoS2nanosheetsdecoratedwith25nmand35nmAuNPs
exhibitedananalyticalenhancementfactor(AEF)ontheorderof107-108,whichiscomparabletootherSERS

substratesandsufficientforthedetectionofsinglemolecule.AEFwascalculatedbyAEF=
ISERS/CSERS
IRS/CRS

,where

ISERSandCSERSaretheintensityandconcentrationofthedyeontheSERSsamplesandIRSandCRSarethe
intensityandconcentrationonsamplescontainingonlydye[1,27].Thismaypointtosomespecificityinthelaser
frequencychoicewhichcouldbeselectedtodetectcertainanalytesoverothersutilizingthedifferingsubstrates.

3 Conclusion
AuNPs-decoratedMoS2andWS2nanosheetsweresynthesizedforpotentialuseasflexibleSERSsubstrates.

TheirSERSpropertieswerestudiedatdifferentlaserexcitationwavelengths.Itwasdiscoveredthatthedegreeof
RamanenhancementiscontingentonthesizeofAuNPs.Additionally,thedifferentsubstratesusedperformed
bestunderdifferentlaserfrequencies,allowingforsomepotentialspecificityindetectionbasedonfabrication.
Amongallthesubstratestested,MoS2nanosheetsdecoratedwith25nmand35nmAuNPsexhibitedthebest
AEF(~107-108)underthe633nmexcitationforthedetectionofR6G.Thisworkpointstosomepotential
applicationfordecoratedTMDsasnovelsubstratesforSERS-basedsensing.Lookingintothespecificityofthese
fabricatedsubstratesandshaperelatedcontingenciesoftheAuNPsused,reliableflexible2Dsensorscouldbe
utilizedtodetecttraceamountsofspecificanalytes.
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基于超强拉曼增强金纳米粒子修饰的过渡金属双硫属
化合物纳米片的分子检测
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摘 要:本文报道用不同尺寸的金纳米粒子(AuNPs)来修饰单层 WS2和 MoS2纳米片,通过表面增强拉曼散

射(SERS)技术检测微量的罗丹明6G染料,并对比了它们在不同波长的激光激发下的等离子体特性。

AuNPs在 WS2和MoS2纳米片上的均匀沉积是通过种子介导的生长方法还原HAuCl4 来实现的。我们进一

步使用扫描电子显微镜和拉曼光谱对所制备的异质结构进行了表征。几种优化结构的拉曼增强因子接近108,
几乎达到检测单分子需要的灵敏度。我们的研究结果表明,通过贵金属纳米粒子对超薄过渡金属双硫属元素化

合物进行可控修饰是完全可行的。这个策略也适合于制备高效且灵活的基底,用在新一代基于表面增强拉曼散

射的化学传感器和生物传感器上。
关键词:过渡金属双硫属元素化合物;表面增强拉曼散射;罗丹明6G;金纳米颗粒
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