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Abstract

Thepurposeofthepresentthesisisthestudyoftheinteractionofplasmonicandpre-plasmonic
nanostructureswithanemitterincloseproximity.Theinvestigationwascarriedoutfollowing
differentapproachesbutalwayswiththeaimofinsertingtheexperimentalresultsintheframe-
workofneworexistingtheoreticalmodelsinordertobetterunderstandthephotophysical
natureoftheinteraction.Tothisaimintheframeworkofthisthesisdifferentnanoarchitec-
tureshavebeensynthesisedandcoupledtoEr-dopedsilicalayers.ThechoiceofErbiumas
emittingsourcewasdrivenbythegreattechnologicalimportanceofthisrareearthinphoton-
icsandoptoelectronics,connectedtothecharacteristicemissionat1540nmthatmatchesthe
windowofminimumtransmissionlossforsilica.Forthisreasonthefirststepoftheresearch
activitywasdevotedtotheoptimizationoftheEr3+photoluminescentpropertiesinsilica.
Whenanemitterisplacednearaninterface,itsopticalpropertieswillbemodified. To
describethisvariationdifferentcontributionshavetobetakenintoaccount:thevariation
ofthelocaldensityofstateduetothereflectionfromtheinterface,thecouplingofthe
emittedradiationwithpropagatingsurfaceplasmonsonthemetal-dielectricinterfaceandthe
dissipationintheoverlayer.Alltheseaspectshavebeenstudiedindetailfordifferentoverlayer
materialsdemonstratingthatthestrongcontroloftheexcitedstatelifetimeoftheemittercan
beobtainedbytailoringthedielectricpropertiesoftheoverlayerandtheseparationdistance
fromtheinterface.
Nanostructuringtheoverlayeroffersfurtheropportunitiesforchangingtheopticalproper-
tiesofanearbyemitter.Amongdifferentplasmonicnanostructures,nanoholearrays(NHAs)
canrepresenttheidealcandidateforthispurposeduetotheirextraordinaryopticaltransmis-
sion(EOT):atspecificfrequenciesdeterminedbytheholeperiodicity,thelighttransmitted
throughtheNHAisordersofmagnitudehigherthantheonepredictedwiththeclassical
diffractiontheory. WhentheEOTpeakwastailoredwiththeemissionwavelengthofthe
emitterstrongplasmoniccouplingwasdemonstrated,leadingtolifetimeshorteningwithal-
mostnodissipationintheoverlayer.
Theimprovementoftheopticalperformancesofanemittercanbeobtainednotonlyacting
onthedecayfromtheexcitedstatebutalsoincreasingtheexcitationefficiency. Forthis
purpose,aninterestingpossibilitythathasbeenexploredisthesensitizationbyofultra-small
molecular-likemetalnanoclurters(NCs)producedbyionimplantation.NoblemetalNCscan
indeedefficientlyabsorblightthroughbroad-bandinterbandtransitionsandtransferenergy
toanearbyemitter,actingasefficientnanoantennaeforexcitationoftheemitter. Such
interactionleadstotheincreaseoftheeffectiveexcitationcross-sectionbyseveralordersof
magnitude.
Finally,alltheobtainedresultsallowedthedevelopmentofpredictivemodelsthatcanbe
usedinthedesignofnoveldevicesfordifferentphotonicapplications.
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Estratto

Loscopodelpresentelavoroditesièl’analisidell’interazionedinanostruttureplasmoniche
epre-plasmonicheconunemettitore.Lostudioèstatocondottoseguendodiversiapprocci,
masempreconilfinediconfrontareirisultatisperimentaliconmodelliteoricisiagiànotiche
nuovi,inmododacomprendereappienolanaturafoto-fisicadell’interazione.Inquestosenso
nell’ambitodellapresentetesidiversenano-architetturesonostatesintetizzateedaccoppiate
confilmsottilidisilicedrogataconerbio.Lasceltadell’erbiocomeemettitoreèstatadettata
dallasuagrandeimportanzatecnologicadellaterrararanellafotonicaenell’optoelettronica,
associataallacaratteristicaemissioneradiativaa1540nm,chesitrovanellafinestradiminimo
assorbimentootticodellasilice.Perquestaragioneilprimopassodell’attivitàdiricercaèstato
voltoall’ottimizzazionedelleproprietàdifotoluminescenzadelloioneerbioinsilice.
Quandounemettitoreèpostoinprossimitàdiunfilmsottilelesueproprietàottiche
vengonomodificate. Perdescriveretalevariazioneènecessariotenerecontodicontributi
differenti:lavariazionedelladensitàlocaledeglistatidovutaallariflessioneall’interfaccia,
l’accoppiamentodellaradiazioneemessaconplasmonidisuperficiepropagantisull’interfaccia
metallo-dielettricoeinfineladissipazionenelfilm. Tuttiquestiaspettisonostatistudiati
indettaglioperfilmdidiversimateriali,dimostrandocheunottimocontrollosultempodi
vitadellostatoeccitatopuòessereottenutoagendosulleproprietàdielettrichedelfilmesulla
distanzadiseparazionetral’emettitoreel’interfaccia.
Lananostrutturazionedelfilmpuòoffrireulterioriopportunitànellamodificadelleproprietà
ottichediunemettitore.Tralediversenanostruttureplasmoniche,inanoholearrays(NHAs)
possonoesserevisticomeicandidatiidealiperquestoscopograzieallalorotrasmissioneottica
straordinaria(EOT):adeterminatelunghezzed’ondadefinitedallaperiodicitàdeibuchiedalle
proprietàdielettrichedeimaterialicoinvolti,lalucetrasmessaattraversoilNHAèordinidi
grandezzapiùgranderispettoaquellapredettadallateoriaclassicadelladiffrazione.Quando
ilpiccodellaEOTèrisonanteconlalunghezzad’ondadiemissionedell’emettitore,èstato
dimostratounforteaccoppiamentoplasmonicocheportaadunmarcatoaccorciamentodel
tempodivitanellaquasiassenzadidissipazionenellananostruttura.
Ilmiglioramentodelleproprietàottichediunemettitorepuòessereottenutononsolamente
agendosullaparteemissivadelprocesso,maancheaumentandolaprobabilitàdieccitazione.A
questoscopo,unapossibilitàinteressanteèoffertadallasensitizzazionedaaggregatimetallici
ultra-piccoliottenutiperimpiantazioneionica. Clusterdimetallinobilicompostida10–20
atomipossonoinfattiassorbireefficientementelaradiazionedieccitazioneattraversotran-
sizioniinterbandaetrasferirel’energiaaunemettitorepostonellevicinanze,agendoinquesto
mododaefficientinanoantenne. Taleinterazionepuòportareadunaumentodellasezione
d’urtodieccitazioneefficacedidiversiordinidigrandezza.
Infine,tuttiquestirisultatihannopermessolosviluppodimodellipredittivichepossono
essereutilizzatinellaprogettazionedinuovidispositiviperdiverseapplicazionifotoniche.
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Introduction

Inlastdecadesnanoscienceandnanotechnologyhavebeengaininggreatimportanceandin-
creasedscientificattentionduetothepossibilityofobtainingnewpropertiesfrommaterials
whentheyaremanipulatedatthenanometricscale.Atthisscale,indeed,changingthemor-
phologyimplieschangingalsothephysicalandchemicalpropertiesofmatter,manyofwhich
arenolongerintrinsicbutdependonthesize,shape,anddielectricenvironment.Oneofthe
moststrikingexamplesinthissenseisgivenbythecolourofnoblemetalswhentheyarein
nanoparticleform;gold,forexamplecouldappearvine-redorgreen,orbluishorgreysimply
bychangingthesizeofthenanoparticles.Historically,thefirstacknowledgementoftheim-
portanceofthenanoscalerangeisgenerallyattributedtotheNobleprizephysicistRichard
Feynmaninhisbrilliantlecture"Thereisplentyofroomatthebottom"[1],inwhichhefirst
proposedthatthepropertiesofmaterialsanddevicesatthenanometerrangewouldpresent
futureopportunities.Theterm“Nano–technology”wasfirstusedbyN.Taniguchiinapaper
in1974[2]:“Nanotechnologymainlyconsistsoftheprocessingofseparation,consolidation,
anddeformationofmaterialsbyoneatomorbyonemolecule.”Inlasttwodecadesnanotech-
nologieshavebeenthesubjectofanintenseresearchactivity,bringingimportantinnovations
inmanyfieldsasbiologicalsensors,surfacecoating,catalysis,computerscience,optics,drug
delivery,justtomentionsomeofthem.

Oneofthemostfascinatingfieldsinnanoscienceisthestudyoftheinteractionoflightwith
metallicnanostructuresandnanoparticlesexhibitinguniqueopticalpropertiesneverseenin
macro–world. Thisfieldgoesunderthenameofplasmonicsandexploresthecouplingbe-
tweenelectromagneticradiationandconductionelectronsatmetallicinterfacesorinsmall
metallicnanostructures,thatleadstotheconfinementoflightoverdimensionssmallerthan
itswavelengthandanassociatedenhancementoftheopticalnear-field[3].Inrecentyears,
anincreasingnumberofpapershavebeenpublishedonplasmonicsdisclosingthemainopti-
calpropertiesofnoblemetalnanostructures. However,manyaspectsregardingthepossible
applicationofthistechnologyintherealizationofphotonicdeviceshavestilltobeinvesti-
gated. Thepresentworkisfocusedwithinthisframeworkanditisaimedatexploringthe
modificationoftheopticalpropertiesofanemitterduetotheinteractionwithplamonicand
pre-plasmonicnanostructures.

SincethepioneeringworkofPurcell[4],itiswellknownthatspontaneousemissionisnot
onlyafunctionoftheemittingatombutcanbemodifiedbytheinteractionwiththeexternal
electromagneticenvironment.Itsdecayratefromanexcitedstatecanbestronglyenhanced
bythecouplinginthenear-fieldwithSurfacePlasmonPolaritons(SPPs),i.e.propagating
electromagneticwavesconfinedattheinterfacebetweenametalandadielectric,coupledto
surfacechargeoscillations[3].TheexcitationofSPPsbyelectromagneticwavesincidentonthe
surfacecannotoccurwithouttheuseofaprismorgratingduetothemismatchinthewave-
vector.Conversely,whenanemitterisincloseproximity(d λem)ofaplanarinterfacethe
excitationofsuchmodescanoccurdirectlybecauseofthewiderangeofwave-vectorsavailable
inthenear-fieldofdipole-likeemission.Besidestheopeningofanadditionaldecaychannel
thatincreasesthede-excitationprobability,propagatingSPPscanfurtherexcitetheemitting
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speciesorbecoupledoutintofar-fieldradiationusingagratingthatmatchesthemomentum
betweenSPPandphotonandthuscontributetotheluminescencesignal. Moreover,inthe
presenceofaninterface,thelocaldensityofopticalstates(LDOS)willbefurtheraffecteddue
toreflectionfromthesurfacethatprovidesadditionalpathsinwhichspontaneousemission
mayoccur.Thefieldreflectedbytheinterfaceindeedwillinterferewiththeemitterandits
amplitudeandphasewilldeterminewhethertheemissionratewillbeenhancedorsuppressed.
Thus,thelifetimeoscillateswithincreasingdistancefromtheinterfacesincethephaseofthe
reflectedfieldchangeswiththedistance(seeFig.0.1). Theonsetofnon-radiativedecay
channelsduetodissipationintheoverlayerhasalsotobetakenintoaccount.Thevariation
ofthedecayrateduetothepresenceofaninterfaceisindeedacomplexphenomenonandthe
opticalpropertiesofthesurfacetogetherwiththeseparationdistanceplayacrucialroleon
themodificationoftheradiativelifetime.

Figure0.1:Oscillationsofthelifetimeofanemitter(Eu3+)asafunctionoftheseparationdistancefroman
overlayer(Ag).FromRef.[5]

Ananostructuredoverlayercouldinprincipleofferfurtheropportunitiesfortheenhance-
mentofthedecayrateofanearbyemitter.Thedirectcouplingbetweentheemittedradiation
andsurfaceplasmonsisforexamplepossiblewhenaNanoholeArray(NHA)isplacedinthe
near-fieldofanemitter.ANanoholeArrayisametalthinfilm,whosethicknessusuallyranges
fromsometenstosomehundredsofnanometres,havingpassing-throughholesarrangedwith
anordered2Dperiodicity. Theuniquepropertythat makesthesenanostructuresattrac-
tiveforpotentialapplicationsinnovelphotonicarchitecturesistheirextraordinaryoptical
transmission(EOT). WhenaNHAisilluminatedwithwhitelight,ordersofmagnitudemore
lightthantheonepredictedbyBethe’sdiffractiontheorycanbetransmittedthroughsub-
wavelengthsapertures[6]. Thetransmittancespectrumshowspeaksatspecificfrequencies,
whicharerelatedtotheperiodicityofthem.Severalmodelshavebeensuggestedtodescribe
thisphenomenonandmostofthemindicatethattheextraordinarytransmissionoccurswhen
theincidentexcitationmatchesthesurfaceplasmonresonances. Whenanemitterisinclose
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proximityofaNHAwiththeEOTpeakresonantwiththeemissionwavelength,theradiative
decaywillbestronglyinfluencedbyboththevariationofLDOSandthecouplingwithsurface
plasmonmodesonthemetal-dielectricinterface.Duetothe2Dperiodicity,thepropagating
SPPswillcoupleoutinfar-fieldradiationwithouttheneedofadditionalgrating.Theunique
opticalpropertiesarisingfromtheextraordinaryopticaltransmissiongivethepossibilitynot
onlytocollecttheemittedradiationfrombothsidesofthenanostructuredfilm,butalsoto
filterthewavelengthofthelighttransmittedthroughtheNHA.

Theenhancementoftheluminescentpropertiesofanemittercanbeobtainednotonly
actingonitsdecayfromtheexcitedstatebutalsoincreasingtheexcitationrate,whichis
proportionaltotheelectromagneticfieldactingonemitter. Metalnanoparticles(NPs)can
representanidealcandidateforthispurposesincethelocalizedsurfaceplasmonresonancecan
enhancethefieldaroundthenanoparticlebyordersofmagnitude.However,whilesomestudies
demonstrateluminescenceenhancementforanemitterplacednearaplasmonicnanostructure,
otherreportluminescencequenching. Whenanemitterisresonantlycoupledwithaplasmonic
NP,indeed,twocompetitiveprocessesmaytakeplace:thelocalfieldenhancementleadsto
anincreasedexcitationratewhereasnon-radiativeenergy-transfertotheparticleleadstoa
decreaseofthequantumyield(quenching)[7]. Thus,actingontheshapeandsizeofthe
nanoparticletogetherwiththeseparationdistance,theopticalpropertiesofanemittercan
beoptimized(seeFig.0.2).

Figure0.2:Calculatedquantumyieldqa,excitationrateγexcandfluorescencerateγemforasinglemolecule
locatedinadistancezfromagoldsphereofdiameter80nm(a)orasindicatedinfigure(b)[7].

Furthermore,novelandpeculiarpropertiesemergewhenthedimensionsofthenanoparticles
arereduceddowntosub-nanometersizes,thatis,inarangeinwhichtheclustersaretoosmall
tohavethecontinuousdensityofstatesnecessaryforplasmonexcitationstobesupported.
Althoughthelightconfinementandthesubsequentlocalfieldenhancementduetoplasmon
resonancedoesnotoccur,nonethelessultra-smallnoblemetalnanoclusterscandeeplyinflu-
encetheexcitationandemissiondynamicsofanearbyemitter.Indeed,pre-plasmonicnoble
metalNPsmadeby100downto5atomsexhibitinterestingluminescencepropertiesasthey
encompassthetransitionbetweenbulkandmolecularregimes,wherediscreteelectroniclevels
emerge,whoseenergyseparationbetweenthehighestoccupiedmolecularorbitalandthelow-
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estunoccupiedmolecularorbital(HOMO–LUMOgap)islargerthanthermalenergyevenat
roomtemperature. Molecular-likeNPscanindeedabsorblightunderdirectHOMO–LUMO
excitationorunderinterbandphoto-stimulationandtransferenergytoanemitterinclose
proximity,actingasefficientnanoantennaefortheluminescentenhancement. Theemission
rateoftheemitterwillbealsoinfluencedbythepresenceofpre-plasmonicNPsduetothe
openingofnewdecaychannels. Moreover,theopticalpropertiesofsuchultra-smallmetal
clustersaresize-tunable,enablingfurtherdegreesoffreedominthecontroloftheinteraction
withanemitter.
Afinalcommentconcernsthephotoemittingsystemadoptedintheframeworkofthisthesis
fortheinvestigationofthecouplingeffectswithplasmonicnanostructures.Itisconstituted
ofthinfilmsofErbium-dopedsilica.ThechoicetoworkwithErisrelatedtoitstechnological
importanceconnectedtothecharacteristicemissionat1540nmthatmatchesthewindowof
minimumtransmissionlossforsilica.Infact,Erbiumdopedfiberamplifiers(EDFAs)are
widelyusedtocompensatelossesinthetransmissionofopticalsignalsoverlongdistances.
However,theEr-dopedglasstechnologicalapplicationsarelimitedbythesmallexcitation
cross-sectionandthelonglifetimeoftheErexcitedstate(typicallyoftheorderofmillisec-
onds).ThelonglifetimemakesErionssensitivetonon-radiativede-excitationprocesses(such
ascooperativeup-convertion,energymigration,excitedstateabsorption)andlimitsthemax-
imumErconcentrationasdopingelementduetotheoccurrenceofconcentrationquenching
phenomena[8].Inthiscontext,theinteractionbetweentherare-earthandplasmonicand
pre-plasmonicnanostructurescouldrepresentapossiblewaytoovercometheselimitations
andopenthepossibilityfortherealizationofawiderangeofphotonicandoptoelectronic
devices(e.g.planaropticalamplifiers,solidstatelasersandlightsources).



1Er:SiO2thinfilms

1.1Introduction

Er-dopedsilica-basedmaterialsareofstrategicinterestinthefieldofopticalcommunication
technologyfortheirapplicationasactiveelementsinmanyphotonicdevices[8–11].Inpar-
ticular,thisisrelatedtothesharproomtemperatureluminescentemissionat1540nmofthe
Er3+ionsthatmatchesthewindowofminimumlossinsilicaopticalfibers.Thepresentchap-
terwillfocusonthesynthesisandthecharacterizationofEr-dopedsilicathinfilmsobtained
byco-sputteringandionimplantation,investigatingtheeffectsofthepreparationparameters
inordertooptimizethephotoluminescenceperformancesofEr3+ionsembeddedinthesilica
matrix.Althoughbothtechniquesgivethepossibilityofobtainingthinfilmswithahighcon-
trolontheconcentrationofthedopant,thechoicebetweenthetwopermitsthecontrolover
adifferentsetofsynthesisparameters;inparticular,bysputteringdepositionthethickness
oftheEr-dopedfilmcanbevariedfromfewnanometerstohundredofmicronsofsinglefilms
ormulti-layers. Withionimplantation,instead,itispossibletointroduceasmanydoping
speciesasrequiredwithmultipleimplantations.Furthermore,theconcentrationdepthprofile
ofthedopingspeciesisessentiallyflatintheco-sputteredfilms,whileitisroughlyGaussian
forionimplantation,althoughitispossibletoobtainadifferentconcentrationprofileswith
anbroadplateauxofconstantconcentrationwithmultipleimplantation(byvaryingenergy
andfluence). Moreover,bothsynthesistechniquesrequireahightemperatureannealingfor
theactivationofEr3+characteristicphotoemissionat1.54µm.Thesynthesisparametersand
annealingconditions,suchastemperature,duration,andfurnaceatmosphere,haveanimpor-
tantroleontheintensityofthePLsignalandontheEr3+lifetime,andwillbeextensively
investigatedinordertomaximizetheEr3+quantumefficiency.

1.2Er3+opticalproperties

ErbiumisarareearthelementintheLanthanidesserieswithatomicnumber68.Theelectronic
configurationofneutralEratomsis[Xe]-4f126s2,whilethemostcommonformofErbiumwhen
embeddedinasolidistheionictrivalentstateEr3+,whichhasanelectronicconfiguration
[Xe]-4f11.Erionizationinvolvestheremovalofthetwoweaklybounded6selectronsandone
fromthe4fshell. ThereforeEr3+ionhasanincompletelyfilled4felectronshellshielded
fromitsenvironmentbytheouter-lyingfilled5s25p6shellsfromthe[Xe]configuration[12].
Theelectrostaticshieldingofthe4felectronshellfromitsenvironmentbythe5sand5p
electronsisresponsiblefortheErrichopticalspectrum. Duetotheincomplete4fshell,
severalelectronicconfigurationsarisewithdifferentenergiesduetospin-spinandspin-orbit
interactions. TheenergylevelschemeofEr3+,uptotheblue-greenregionofthespectrum
isshowninFig.1.1(a).TheschemeislabelledwiththeRussell-Saundersnotationandthe
correspondingtransitionwavelength.Inthecaseofthefreeionthedegeneratelevelsaresharp
withequalparityandthereforetheelectric-dipoletransitionsinvolvingonephotonbetween

5
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(a) (b)

Figure1.1:(a)EnergylevelsofEr3+labelledwiththeRussell-Saundersnotation.ForeachstatetheGSA
columnliststhewavelengthoftheground-stateabsorptiontransitionterminatingonit.(b)
AbsorptionspectrumofEr-dopedsilicateglass. Thepeaksofthestrongbandsat380and520
nmare1.5and1.0,respectively[9].

mostoftheseenergystatesareparityforbidden.However,whenErionisembeddedinahost
materialthesurroundingchemicalspeciesweaklyperturbthe4fstate,inducingodd-parity
characterinthe4fwavefunctionsandallowingfortheoccurrenceofradiativetransitions.
Moreover,theincorporationinmatrixcausesStark-splittingofthedifferentenergylevelsinto
manifolds,aspointedoutinFig.1.1(a),givingthetypicalbroadeningofabsorptionpeaks
observedinthespectruminFig.1.1(b).

PLemissionspectrum

TheErexcitationprocessoriginatingthecharacteristic4I13/2→
4I15/2transitionat1.54µm

occurswiththeabsorptionofaphotoninoneofthehigher-lyinglevelsanditisfollowed
bythenon-radiativefastmultiphonondecaytothemetastable4I13/2state(τ<10ns)[13].
Duetothelargerelaxationenergyofabout0.8eVbetweenthe4I13/2stateandtheground
state,multiphononemissionisunlikelyandthecharacteristicradiativeemissionat1.54µm
occurs.ThePLemissionspectrumshapedependsonthehostglass,thepeaksandthevalleys
aredeterminedbythelocationsoftheStarklevels,theintensityofthetransitionbetween
theStarklevels,andtheamountofinhomogeneousandhomogeneousbroadeningofthese
levels[14].AtypicalemissionspectrumofEr3+insilicaisrepresentedinFig.1.3(a).

Lifetime

Thelifetime(τ)ofanexcitedlevelisgivenbythesumoftheinverseoftheprobabilitiesof
radiative(γr)andnon-radiative(γnr)decay:
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1

τ
=γr+γnr=

1

τr
+
1

τnr
. (1.1)

ForErbiumembeddedinaglassyhosttheupperlevelofthecharacteristictransitionat1.54
µm(4I13/2)isseparatedbyalargeenergygapfromthegroundstate(

4I15/2),sothatitslifetime
isusuallyinthemillisecondrangeandmostlyradiative:thephononicnon-radiativetransition
probabilitydropsexponentiallywiththenumberofphononsrequiredtobridgetheenergygap
tothenextlowestlevel.However,themeasuredlifetimestronglydependsonthehostmatrix
sincethedecayrateofthenon-radiativetransitionisinfluencedbythepresenceofmatrix
impuritiesanddefectsthatcanactasnon-radiativerecombinationcenters.Furthermore,the
longlifetimeofthe4I13/2metastablelevelmakestheEr

3+emissionsensitivetonon-radiative
decayprocesses,suchasup-conversion[15,16]andconcentrationquenching[8,17].

Cross-section

Thecross-sectionquantifiestheprobabilityofthetransitionbetweentwostatestooccurwith
theconcurrentemissionorabsorptionoflight.Ithasthedimensionsofanareaandcanbe
intuitivelyseenasthetargetareathatcaninterceptalightfluxbycatchingthephotonsthat
flowthroughit.SinceopticaltransitionsinEr3+havesmallprobability,thecross-sectionsfor
opticalexcitationandstimulatedemissionarequitesmall,typicallyontheorderof10−19-
10−21cm2dependingonthehostmatrix[8,9,18].Thisisoneofthemajorlimitationsinthe
realizationofphotonicandoptoelectroncdeviceswithErdopedmaterials.Inrecentyears,a
lotofworkhasbeencarriedoutinordertoovercomethisbarrierintroducinginthematrix
sensitizingspecieswithhigherabsorptioncross-sectionwhichcanabsorblightmoreefficiently
andthantransfertheenergytoanearbyEr,increasingthepumpingefficiency. Overthe
yearsdifferentsensitizingstrategieshavebeenadopted,asforexamplecouplingwithother
rareearthelements[19–21],Sinanoaggregates[22–27],organiccomplexes[28–32]andmetal
nanoclusters[33–39].



8 1.3Er:SiO2cosputteredthinfilms

1.3Er:SiO2cosputteredthinfilms

Erbium-dopedsilica(Er:SiO2)filmsweresynthesizedco-depositionofErandSiO2inamag-
netronsputteringsystem. AmetallicErbiumtargetwasmountedonamagnetronDirect
Current(DC)sourcewhiletheSiO2targetwasplacedonamagnetronRadioFrequency(RF)
source.Twodifferentsputteringgaswereexplored:pureArgonandamixtureofArandO2
(95%Ar+5%O2),withtheoperatingpressuresetat5x10

−5mbar.Thisisthelowestpressure
toensurethattheplasmastaysonandminimizesthere-sputteringphenomenon. Despitea
notableloweringofthedepositionrate,thereactiveatmospherehasshowntopreventaslight
oxygenunderstoichiometrywhichcharacterizesthesilicadopedfilmsdepositedinpureargon
atmosphereandthereforewaschosenasoperatingcondition.Theconcentrationofthedopant
inthedepositedfilmcanbeeasilytailoredvaryingtheratiobetweentheinputpowerofthe
twosources.Topreventtheoverheatingofthesampleduringthedepositionthepowerofthe
RFsourcepowerwasfixedat250 W,whiletheDCpowerwasvariedintherange1-7 W.
TheErconcentrationsvaryingfrom6.6×1019at./cm3to1.65×1021at/cm3wereobtained.
ErconcentrationwasmeasuredbyRutherfordBackscatteringSpectrometry(RBS),whilethe
concentrationprofileswereobtainedbySecondaryIonMassSpectrometry(SIMS).Duringthe
depositions,thesampleholderwasrotatedtoensuregoodhomogeneityofthefilmcomposi-
tionandthickness.Thedepositionswereperformedatroomtemperaturewithnobiasvoltage
onthesampleholder.TheErconcentrationvarieslinearlywiththepoweroftheDCsource.
AtfixedRFpowerthethicknessofthedepositedfilmhasshownalineardependencewith
thedepositiontimeandnodependenceontheDCpowerintherange1-7 W.Alistofthe
samplesinvestigatedinthepresentsectionisreported,togetherwiththesynthesisparameters,
inTable1.1.

Table1.1:SamplesynthesisparametersfortheEr:SiO2co-sputteredfilms. Thethicknesswasdetermined
byprofilometermeasurementsandErconcentrationwasestimatedbyRBS.SampleD2Sihasthe
samesynthesisparameterofthesampleD2,butitwasdepositedonsiliconsubstrate.

Sample FilmThickness DCpower RFpower Erconc.
[nm] [W] [W] [at/cm3]

D1 75±3 1 250 6.6x1019

D2 165±3 2 250 3x1020

D3 75±3 3 250 6.7x1020

D4 103±3 5 250 1.17x1021

D5 97±3 7 250 1.65x1021

D2Si 165±3 2 250 3x1020

1.3.1PLmeasurements

Photoluminescence(PL)spectroscopymeasurementswereusedtoopticallycharacterizethe
Erdopedsilicafilms.PLmeasurements,bothintegratedandtimeresolved,wereperformed
atroomtemperaturebyexcitingthesampleswitha6Hzmechanicallychoppedcontinuous
wavelength(CW)Argonlaser.Aschematicsketchoftheexperimentalapparatusisshownin
Fig(1.2).Bothin-resonance(λexc=488nm)andout-ofresonance(λexc=476.5nm)excitation
conditionswereemployed. Theexcitationwavelengthwasselectedbylaserlinefiltersand
themaximumlaserpoweratλ=488nmwas16.2mW,whileatλ=476.5nmwas2.5mW.
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Thechopperwasplacedbetweentwolenses(100mmfocallength)toreducethelaserbeam
spotdimensiononthechopperplanetoobtainasteeperopen/closetransition. Twocon-
verginglenseshavebeenusedtocollectandbringtheemittedradiationontheentranceslit
ofasingle-gratingmonochromator.Theluminescencesignalwasdetectedbyanear-infrared
photomultipliertubecooledbyliquidnitrogen(HAMAMATSUR5509-72)andacquiredwith
alock-inamplifier,usingthechopperfrequencyasareference. Time-resolvedPLanalyses
werecarriedoutbyfixingthemonochromatorwavelengthat1.54µmandcollectingthePL
intensityevolutionasafunctionoftimewithadigitaloscilloscope(TektronixTDS7104).
ThebeamspotsizeonthesamplewasdeterminedbytheKnife-Edgemethod[40]andthe
measureddiameterforbothwavelengthwas1.2mm.Forthephotonfluxmeasurements,the
beamspotdiameterwasreduceddownto100µmatthesamplepositionusingaconverging
lens.

Figure1.2:AschematicrepresentationofthePLmeasurementset-up.

1.3.2Er3+emissionspectrum

AfterthefilmdepositionnodetectableluminescencesignalintheIRregionhasbeenobtained,
probablyduetothelocaldisorderaroundErions.Danglingbondsandvacanciescomplexesas
wellasbondangleandlengthdistortioninthesilicanetworkcan,indeed,actasnon-radiative
de-excitationcentres,quenchingtheEr3+PLemission. Asreportedintheliterature[41],
annealingtemperaturesabove400℃arerequiredtorecoverhostmatrixdefectsandtorestore
thefirstshellofoxygenatomssurroundingtheErions.
Asanexample,Fig1.3(a)showsaPLemissionspectrumintherange1450-1650nmofa
samplewithErconcentrationof6.6×1019at./cm3andfilmthicknessof75nm(sampleD1)
afterathermalannealingat900℃for2hoursinvacuumatmosphere(P<2x10−5mbar).The
PLspectrumwasobtainedbyexcitationwiththe488nmlineoftheArlaser,resonantwith
the4I15/2→

4F7/2transition.TheemissionconnectedwiththeEr
3+transitionfromthefirst

excitedstatetothegroundstate(4I13/2→
4I15/2)hasamainpeaklocatedat1540nm(1),

withashoulderat1500nm(4)andtwoweakstructuresatlongerwavelength(2,3). The
overallspectralwidthofthemainpeak(FWHM=47nm)andthewidetailsofthespectrum
aretheresultofStarksplittingoftheexcitedandgroundstatesinthehostelectricfield,
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(a) (b)

Figure1.3:PLemissionspectrum(a)andPLintensitydecaycurve(b)oftheEr:SiO2co-sputteredsample
D1annealedat900℃ for2hoursinvacuumatmosphere.Sampleexcitationhasbeenobtained
bypumpingwiththe488nmlineArlaserchoppedat6Hz.

togetherwithadditionalhomogeneousandinhomogeneousbroadening. Undernon-resonant
excitationatλ=476.5nmnoPLemissionhasbeendetected(redlineinFig1.3(a)).InFig.
1.3(b)PLintensitydecaycurveofthesamesampleisreported,withasingleexponentialfit
(IPL=I0e

t/τ-redline)ofthecurvethecharacteristiclifetimeofthetransition4I13/2→
4I15/2

canbecalculatedobtainingτ=14.1ms. Thisvalueisinperfectagreementwiththevalues
reportedinliteratureforthesameErconcentration[8]. Nodifferenceinthelifetimevalues
werefoundatdifferentwavelengthscorrespondingtothestructures2,3and4,presentinthe
emissionspectrum.

1.3.3 Thermalactivation

ThetemperatureandtheatmosphereoftheEr3+activationannealinghaveacrucialrolein
restoringthedefectsinthedepositedsilicalayerandinthepromotionoftheoctahedraloxygen
coordinationaroundErions.Thus,asetofthermaltreatmentsinairandvacuumatmosphere
wereperformedinthe300–1000℃temperaturerangetodeterminetheoptimumconditions
forthemaximizationofbothPLintensityandradiativelifetimeofthecharacteristictransition
at1540nm.InasimplepicturethePLintensity(IPL)canbedescribedbytherelation:

IPL∝Nactη, (1.2)

whereNactistheconcentrationofopticallyactiveErionsandηisthequantumefficiencyof
theluminescenceprocessanditisgivenby:

η=
γrad

γrad+γnr
=
τ

τrad
, (1.3)

withτthemeasuredlifetimeandτradtheradiativelifetimeofthetransition
4I13/2→

4I15/2.

Fig.1.4showstheevolutionofthePLintensityandthelifetimeatλ=1540nmunder
resonantexcitation(λ=488nm),asafunctionoftheannealingtemperature,ofsampleD2.For
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(a) (b)

Figure1.4:PLintensity(a)andlifetimevalues(b)at1.54µmofsampleD2asafunctionofthetemperature
forthermaltreatmentsperformedinairandvacuumatmosphere.Theexcitationwavelengthwas
488nm.Themeasurementshavebeenperformedwitha16.2mWArlaserchoppedat6Hz.The
annealingdurationwas1hand2hforairandvacuumatmosphere,respectively.

bothannealingatmospheresasimilartrendwasfound.Below600℃no-measurablePLsignal
hasbeendetected,whileinthe600–900℃rangetheintensityincreaseswiththetemperature
reachingamaximumat900℃andfallingoffathighertemperatures.Thelifetime,instead,
increasesinthewholerangeofexploredtemperatures,butmorerapidlyinthe600–800℃
intervalandjustslightlyathighertemperatures.TheincreaseofbothPLintensityandlifetime
upto900℃hastobeattributedtotherestorationoftheconfigurationalorderinthesilica
matrixandtheincreaseofthequantumefficiencyoftheradiativetransition,Converselyabove
900℃thePLsignalfallsoffprobablybecauseofthedecreaseofthenumberopticallyactive
Erionsduetotheactivationoftheclusteringphenomenon.Itisworthnotingthatannealing
inhighvacuum(P∼10−5mbar)increasesbymorethan3timesthePLintensitywithrespect
toair,suggestingabeneficialeffectofthelowpressureontheout-diffusionofquenching
species(suchasOHgroups)fromthedepositedlayer[42].Hence,900℃invacuumhasbeen
chosenasstandardannealingconditionfortheactivationoftheEr3+photoluminescencein
theco-sputteredfilms.

1.3.4Structuralcharacterization

StructuralcharacterizationsofthedopedfilmswereperformedbymeansofTransmissionElec-
tronMicroscopy(TEM)andExtendedX-rayAbsorptionFineStructure(EXAFS)analyses.
Thefirstwasperformedtodeterminethequalityofthedepositedsilicaandtoobserveifthe
Erclusteringphenomenatookplaceinthedepositedfilmuponthehightemperatureanneal-
ing,whileEXAFSmeasurementsofferthepossibilitytoinvestigatethelocalenvironmentof
theErionsembeddedinthesilicamatrix.TEManalyseshavebeenperformedonasample
depositedonsiliconsubstratebeforeandafterathermalannealingat900℃ for1hinair
(sampleD2SiandD2Si_900,Fig.1.5).Thethicknessofthefilmbeforeandafterthethermal
annealingwasdeterminedtobe(165±5)nmand(185±5)nm,respectively.Theincreaseof
thefilmthicknessafterthethermaltreatmentcanbeattributedtotheoxidationoftheSi
substrate,asevidencedalsobySIMSelementaldepthprofiles. Thethicknessesofthetwo
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(a) (b) 
surface 

surface 

filmsarehomogeneous.Theas-sputteredsampledoesnotpresentacolumnargrowthascan
beseeninFig.1.5(a)anditdoesnotexhibitdetectableporosity.

Figure1.5:Bright-fieldTEMcross-sectionalimageofthesampleD2Si before(a)andafter(b)thermal
annealingat900℃,1hinair(D2Si_900).

FromtheHRTEMimages(Fig.1.6(a))thepresenceofa2nmthicknativeoxidelayercanbe
seenontheinterfacebetweenthedepositedsilicaandtheSisubstrate.Thethermallyoxidized
SilayerattheinterfaceoftheannealedsamplecannotbedistinguishedfromtheEr-doped
silicafilmindicatingthegoodqualityofthesilicamatrixuponannealing.Italsointerestingto
notethatthereisnoevidenceofErclusteringphenomenaafterthe900℃thermaltreatment
inair.TheEDXcompositionalanalysisconfirmsauniformErconcentrationovertheentire
filmthickness.

Figure1.6:High-Resolution(HR)TEMimageofthedepositedfilm(a)beforeand(b)afterairannealing
neartheSiinterface.ThelatticefringesofthecrystallineSisubstratearewellvisible.

ErL3-edgex-rayabsorptionspectrawererecordedattheItalianbeamlineGILDAofthe
EuropeanSynchrotronRadiationFacility-ESRFinfluorescencemode. Agrazingincidence
geometrywasused(incidenceangle∼2deg)toincreasethefluorescencesignalfromEr,keeping
atthesametimethesignaloftheelasticscatteringfromthematrixaslowaspossible.The
EXAFSanalyseshavebeenperformedonsampleD2(seeTable1.1)annealedattwodifferent
conditions:900℃for1hinair(D2_900)and900℃for1hinairfollowedbyanisochronal
annealingat1000℃inair(D2_1000).Thethicknessofthefilm(165nm)enablestohavea
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highsignaltonoiseratiointheEXAFSmeasurements.

Figure1.7:ComparisonbetweentheFouriertransformmodulusoftheEXAFSsignalfromthesampleD2
annealedat900℃for1hinair(blackline)andthesampleD2annealedat900℃for1hinair
andsubsequentlyfor1hat1000℃ inair(redline).

TheEXAFSsignalsfromallthemeasuredsamplesaresimilarandexhibitonemainoscil-
lationthatdumpsdowninthehigh-energyregionofthespectrum:thisfeature,typicalof
alightbackscatterer,isinthiscaserelatedtothefirstshellofOatomssurroundingtheEr
ions.InFig1.7theFouriertransformmodulioftheEXAFSsignalsisreported.Thepeakis
centeredat≈1.8Å(firstcoordinationshell).Thequantitativeanalysisindicatesthatforboth
samplesthecoordinationnumberofthisOshellisabout6.5±1.1andtheEr-Odistanceis
(2.24±0.02)Å;theDebye-Wallerfactor(σ2)is(13±4)×10−3Å2.Forcomparison,intheEr2O3
crystalthefirstshellisformedby6Oatomsatadistanceof2.24–2.27ÅandtheDebye-Waller
factorisaboutonehalfofthevaluefoundhere,indicatingamoredisorderedErsiteinthe
sputteredfilms.TheobservedEr-Odistance,shorterthanintheoxide,isinagreementwith
whathasbeenfoundinsimilarsystems([43]andRefs.therein).
TheEXAFSanalysisisingoodagreementwiththePLintensityandlifetimesresults.No
appreciabledifferenceinthelocalorderofErbiumcanbeseenbetweenthesinglethermal
treatmentat900℃1hinairandtheoneat900℃1hplus1000℃1hinair.Inconclusion,the
annealingat900℃hasbeenproventobesufficienttorestorethelocalorderoftheErbium
ioninasilicamatrixfortheco-sputteredsystem.

1.3.5Erconcentration

OneofthemajorlimitationtotherealizationofphotonicdevicesbasedonEr-dopedma-
terialsistheoccurrenceofconcentrationquenchingphenomena. Concentrationquenching
isamanifestationoftheFörsternon-radiativeenergy-transferphenomenon[44,45],andit
ischaracterizedbythedecreaseintheluminescencequantumyieldastheemittingspecies
concentrationisincreased. Usuallythismodelispresentedinthecontextofdonor-acceptor
energy-transfer,wheredonorandacceptoraredifferentspecies,butwhentheemittersatis-
fiestheconditionfortheself-energytransfer(overlapoftheexcitationandemissionspectra)
energycanmigratethroughthematerialbyaresonantinteractionuntilaquenchingcenter
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ismet[44].ForEr-dopedsilica,thismigrationwillbecomemoreefficientatsmallerEr-Er
distances,henceathigherconcentrations,butwillonlyreducethelifetimewhenthematerial
containsimpuritiesordefectsthatcoupletoanErion(e.g. OHimpuritiesinSilicaglass).
Theefficiencyoftheenergy-transfermechanism(kt)isdescribedby:

kt=
r−6

r−6+R0−6
, (1.4)

whereristheEr-ErseparationdistanceandR0istheFörsterradius.R0dependsonthe
spectraloverlap,therefractiveindexofthemediumandtherelativeorientationoftheemitters.
Becauseoftherapiddecayoftheenergy-transferefficiencywithincreasingr,concentration
quenchingissignificantonlywhenrislessthanorcomparabletoR0.ForErinsilica,the
concentrationlimitwhentheseparationdistancebetweenErionsbecomescomparabletothe
Försterradiusisintherange0.1-1at%,dependingonthematrix.[8,9,17].

Figure1.8:Decayrateofthetransition4I13/2→
4I15/2vs.Erconcentration.Thedecayratewasmeasured

underresonantexcitationatλ=488nm.TheErconcentrationmeasuredwiththeRBStechnique.

SincethecontrolofEr3+lifetimeandthemaximizationofthequantumefficiencyareof
primaryinterestinthepresentwork,asetofsampleswithincreasingErconcentrationhas
beenprepared.ThecontrolontheErconcentrationwasobtainedkeepingfixedthepowerof
theSiO2sourceandvaryingthepoweroftheErbiumsourceintherange1-7 W(cf.1.1).All
thesampleswereannealedat900℃for2hinvacuum,toensureaspreviouslydiscussed,the
recoveryofthematrixdefectsandminimizetheOHconcentration.AsshownintheFig.1.8,
theErdecayratehasalinearincreasewiththeErconcentration. Moreover,allthesamples
arecharacterizedbyasingleexponentialdecay,consistentwithahomogeneousconfigurational
distributionofErionsintheco-sputteredfilm.Inasimplemodel[17],theErdecayrate(ΓEr)
canbedescribedby:

ΓEr=CEr−Er[d
∗][Er], (1.5)

where[Er]istheErconcentration,[d∗]istheconcentrationofnon-radiativedecaycenters
(mainlyOHgroups)andCEr−Erisacouplingconstantoftheself-energytransferofErions.
Sincethereisnodifferenceinthesamplesynthesisparametersnorinthethermalactivation



1.3Er:SiO2cosputteredthinfilms 15

process,[d∗]canbeconsideredconstantobtainingthelineardependenceofthedecayrate
withErconcentrationasexperimentallydemonstrated.

1.3.6Er3+emissioncross-section

Thestudyoftheemissioncross-sectionisfundamentalinthecharacterizationoftheoptical
propertiesofEr-dopedsystems.FromtheFuchtbauer-Ladenbergequation,thisparametercan
beestimatedwhenthefluorescentbandwidths,thespontaneouslifetimeandthedegeneracy
oftheexcitedandthegroundstatelevelsareknown[46].Being1and2thegroundandthe
excitedstateofatwolevelsystem,theemissioncross-section(σ21)isgivenby:

σ21=
λ2

8πµ2
A21g(ν) (1.6)

whereλisthewavelengthofpeakofemission,g(ν)isthelineshapeoftheemissionspectrum,
A21istheEinsteincoefficientforspontaneousemissionandµistherefractiveindexofthehost
media.Inabsenceofnon-radiativedecaychannels,theEinsteincoefficientforspontaneous
emissionbecomesthemeasureddecayrate(A21=1/τ).Sincethelineshapeisingeneralnot
simple,theeffectivelinewidth∆λeffisdefinedthroughtherelation

Ipk∆λeff=
∞

0
I(λ)dλ. (1.7)

Thelineshapefunctionmaybewrittenas

g(ν)=
Ipk
Idν
, (1.8)

sothat:

g(ν)=
λ2

c

1

∆λeff
. (1.9)

TheFuchtbauer-Ladenbergequationbecomes:

σ21=
λ4

8πµ2c

1

τ∆λeff
. (1.10)

FromthespectrumreportedinFig1.3(a)itisnowpossibletocalculatetheeffective
linewidththatresultsequalto62.7nm.Themeasuredlifetimeis14.1msandcanbeconsid-
eredcompletelyradiative[8]Theemissioncross-sectionresultsσ21=4.1×10

−21cm2,ingood
agreementwiththevaluesreportedinliterature[8–11].
ItisworthnotingthattheFuchtbauer-Ladenbergequationisnotthebestapproachto
calculatetheEr3+emissioncross-sectionsinceitassumesthatalloftheStarkcomponentsare
equallypopulated.Forrareearthembeddedinaglassymatrixthisisingeneralnotexactsince
thepopulationsaredeterminedbytheBoltzmanndistribution.Amoreappropriatemodelto
calculatethecross-sectionwouldbetheMcCumberapproach[47],wheretheemissioncross-
sectioniscalculatedfromtheabsorptioncross-sectionandtheradiativelifetime.Duetothe
lowErconcentrationandthesmallthicknessoftheEr-dopedfilms,anaccurateestimationof
theabsorptioncross-sectionisverydifficult.Nonetheless,asshownbyBarnesetal.[46],the
valuescalculatedwiththetwoapproachesareofthesameorderofmagnitude,sothevalue
calculatedwiththeFuchtbauer-Ladenbergapproachcanbeassumedasagoodapproximation.
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1.4Erimplantedsilica

Awellknownsynthesistechniqueusedtoobtainthindopedlayersinaglassymatrixision
implantation.Itoffersseveraladvantages,suchashighcontrolonthedopingconcentration,
lowtemperatureprocessing,variationofthedopantconcentrationprofilewithoutchanging
intheimplantationfluence,overcomingofthesolubilitylimit.Silicasubstrates(Herasil1by
Heraeus;slideareaof7.5×2.5cm)havebeenimplantedatroomtemperaturewithanEr+ion
beamattheIonImplanationFacilityoftheLegnaroNationalLaboratories(Padova,Italy).
Anuniformdopingofthesilicamatrixhasbeenobtainedperformingsequentialimplantation
atthreedifferentenergies(50,100,190keV),withcurrentdensitiesofabout0.05µA/cm2.A
totalfluenceof6.8×1014Er+/cm2wasimplantedasestimatedbyRBSmeasurements.

Figure1.9:ElementalconcentrationprofilesobtainedbySIMSmeasurementsonasilicaglassimplantedwith
Erandannealedat800℃inN2atmospherefor1h.RightscalereportstheErconcentrationes-
timatedbyRBSquantitativeanalysis.ThedashedlinerepresentstheErsimulatedconcentration
profileforthetripleenergyimplantationschemeobtainedwithSRIM-2008code[48].

AnalmostflatErconcentrationprofileintheimplantedregionisobtainedwithaplateau
at8.6×1019at/cm3(Fig.1.9). ThesamplewillbelabelledI1inthefollowing. TheErcon-
centrationprofileiscenteredatabout60nmbelowtheslabsurface,theflatregionisthick
about70nm.ThelongtailoftheErconcentrationdepthprofilepresentintheSIMScurve
hastobeattributedtoion-intermixinginducedbythemeasurement.Itworthnotingthatfor
thissampletheErconcentrationisjustabovetheconcentrationquenchinglimitwhichisof
about5×1019at/cm3[44].

1.4.1Erbiumimplantedsilica:opticalbehaviour

Asforthesamplesobtainedwithmagnetronco-sputtering,nomeasurablePLemissionhas
beenobtainedintheIRregionfortheEr-dopedsilicafilmsafterionimplantation. Thisis
probablyduetotheradiationdamageinducedinthesilicamatrixduringtheimplantation
process. Asalreadypointedoutforco-sputteredsamples,defectsintheglassymatrixcan
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actasnon-radiativecentresforEr3+de-excitation,quenchingthePLsignal. Athermal
activationabove500℃ isrequiredtorecovertheimplantationdamageinthesilicamatrix.
Asanexample,Fig.1.10(a)showthePLemissionspectrumintherange1400-1700nmof
sampleI1annealedat800℃ inN2,obtainedbyresonantexcitationatλ=488nm. The
emissionspectrumispeakedat1541nmandpresentslineshapeandFWHMsimilartotheD1
sampleobtainedwithmagnetronco-sputtering(seeFig.1.3),althoughthesecondarypeaks
looklessnoticeable.AsexpectednoPLsignalarisesundernon-resonantexcitation(λ=476.5
nm).

(a) (b)

Figure1.10:PLemissionspectrum(a)andPLintensitydecay(b)ofsampleI1annealedat800℃1hinN2.

ItisinterestingtoanalysethePLdynamicscharacterizingthe1.54µmemission.Fromthe
PLdecaycurveofthesampleI1_800inFig.1.10(b),itcanbeseenthatthedecayispurely
exponentialindicatingahomogeneouspopulationofemittingErionsinsilica. Whenthe
interactionoftheexcitedspecieswiththeluminescencequenchersisdistanceindipendent,
thede-excitationdynamicstakestheformdescribedbytheStern-Volmermodel[49]:

IPL(t)=IPL(0)exp(−
t

τ
), (1.11)

whereIPL(0)isthePLintensitywhenthelaserisswitchedoffandthespontaneouslifetime
τcorrespondsto

1

τ
=
1

τr
+
1

τnr
, (1.12)

withτrandτnrbeingrespectivelytheradiativeandnon-radiativeterms. Theestimated
lifetime(withsingleexponentialfit)resultsτ=10.7ms,slightlyshorterthantheoneobtained
fortheco-sputteredsampleD1_900,wherethequantumefficiencyapproachestheunity.This
differencemaybeattributedtothehigherErconcentrationofsampleI1_800thatincreases
theprobabilityofnon-radiativedecayandtothelowerannealingtemperatureat800℃that
probablywasnotsufficienttorecovercompletelytheionimplantationdamageoftheSiO2
matrix.
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1.4.2Eractivation:Thermalannealing

Toevaluatetheinfluenceofannealingtemperatureandatmosphereontheopticalproperties
ofEr-implantedsilica,twosetsofisochronal(1h)thermalannealingshavebeencarriedouton
theI1sample.Thefirstonehasbeenperformedinthe300-1100◦Ctemperaturerangeinair,
whilethesecondsethasbeenperformedinN2fluxexploringthe300-1000

◦Ctemperature
range. ThePLintensitysignalat1540nmasafunctionofthetreatmenttemperatureis
plottedinFig. 1.11. Forbothannealingatmospheresithasbeenfoundasimilartrend:
below600◦CnomeasurablePLsignalhasbeendetected,whileinthe600-900◦Crangethe
PLintensityincreaseswiththetemperaturereachinga maximumat900◦C. Abovethis
temperaturethePLintensityfallsoffnoticeablyinbothcases.

Figure1.11:PLintensityat1.54µmofsamplesI1asafunctionofthethermalannealingtemperature.
Theannealinghasbeenperformedinaconventionalfurnaceinair(reddots)andinN2(black
squares)atmospherefor1h.

Fig.1.12showstheradiativelifetimeat1540nmunderresonantEr3+excitation,asafunc-
tionofttheannealingtemperatureforthesamplesthermallytreatedinairandinN2atmo-
sphere.Regardlessofthethermaltreatmentatmosphere,thelifetimeincreasescontinuously
withthetemperature,butmorerapidlyatlowtemperaturesandjustslightlyabove900◦C.
ForallthemeasuredsamplesapurelyexponentialPLintensitydecayhasbeenfound,indi-
catingahomogeneousconfigurationalpopulationofErionsintheimplantedlayer.
ItisinterestingtonotethatthetemperatureatwhichthemaximumofthePLintensity
occursisthesamefortheimplantedandtheco-sputteredsamples. Evenifthedamagein
thesilicahasadifferentorigin,thetemperaturerequiredfortherecoveryofthematrixisin
bothcases900℃andthemechanismproposedfortheco-sputteredEr-dopedsilicasamples
canbeappliedalsototheEr-implantedsilicaones.Indeed,theincreaseofthePLintensity
observedinthe600-900◦CisprobablyduetotheincreaseoftheEr3+quantumefficiencydue
tothedecreaseinthenumberofsilicamatrixdefectsinducedbytheionimplantationprocess.
Moreover,startingfrom 1000◦CthefallofthePLintensitycanbeattributedtotheonset
ofanErclusteringphenomenonthatdecreasestheconcentrationofEr3+activeions. The
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Figure1.12:PLlifetimevaluesat1.54µmforsamplesI1asafunctionofthetemperatureforthethermal
treatmentsperformedinairandinN2atmospherewithadurationof1h.Sampleexcitation
hasbeendonebypumpingwiththe488nmlineArlaserchoppedat6Hz.

clusteringphenomenondoesnotinfluencethelifetimethatsightlyincreasesduetoafurther
recoveryofmatrixdefects.
Inthe600-700◦Ctemperaturerange,theN2atmosphereismoreefficientonincreasingthe
PLintensity,buttheshortvaluesofthelifetimeindicatethatmanynon-radiativeprocesses
stilltakeplaceinthesamples. Conversely,inthe800-1000◦CtemperaturerangethePL
intensityofthesamplesannealedinairisslightlyhigher(IPL−air∼1.2×IPL−N2).Sincethe
differenceinthemeasuredlifetimeforI1samplesannealedintwodifferentatmospheresis
smallerthantheexperimentalaccuracy,itemergesthattheannealingatmospheredoesnot
playacrucialrolefortheEr3+PLemissionofEr-implantedsilicafilms.

1.5 Conclusions

Ithasbeendemonstratedthatmagnetronco-sputteringandionimplantationcanbeusedas
versatiletechniquesforthesynthesisofErdopedsilicathinfilms.NomeasurablePLsignalin
theIRregionhasbeendetectedontheas-depositedandas-implantedsamples,duethehigh
amountofmatrixdefectsthatactasnon-radiativecentersforErde-excitation. Exploring
thetrendofthePLintensityandthelifetimeasafunctionofannealingtemperature,it
hasbeenfoundthatforbothsynthesistechniquesathermaltreatmentintherange800–
900℃ wasnecessarytomaximizethePLintensityandminimizethenon-radiativedecay
rate.ThestructuralcharacterizationperformedwithEXAFSandTEMmeasurementshave
pointedoutthattheseannealingcontritionsaresufficienttopromotetheoxygenoctahedral
coordinationaroundtheErionsandhaveexcludedtheoccurrenceofErclusteringprocesses.
Moreover,ithasbeenobservedabeneficialeffectofthevacuumatmosphereduringtheEr
thermalactivationoftheco-sputteredsamples,duetotheenhancedout-diffusionofquenching
speciesfromthedepositedlayer.Theoccurrenceofconcentrationquenchinghasbeenobserved
intherange1019–1021Er/cm3;thedecayrateat1540nmincreaseslinearlywiththeEr
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concentration. Finally,avalueof4.1×10−21cm2fortheEr3+excitationcross-sectionwas
determinedthroughtheFuchtbauer-Ladenbergapproach.



2 ModificationofEr3+radiativelifetimeby
interactionwiththinfilms

2.1Introduction

Asalreadypointedoutinthepreviouschapter,thelonglifetimeofcharacteristictransition
4I13/2→

4I15/2ofErionsembeddedinaglassy matrixisoneofthe majorlimitationin
therealizationofphotonicandoptoeletronicdevicesbasedonEr-dopedmaterials,because
thelongpermanenceoftheionintheexcitedstatemakesitpronetonon-radiativedecay
processessuchasenergymigration,cooperativeup-conversionandconcentrationquenching.
SincetheearlyworkofPurcell[4]itisknownthatthechangeinthelocalphotonicdensity
ofstate(LDOS)mayinfluencethedecayrateofanemitter.Thepresenceofaninterfacein
closeproximityofanemitter(d<λ)canbeseenasthesimplestwaytoinfluencethelocal
photonicdensityofstatesandthus,changethedynamicsoftheemission.Apioneeringworkof
Drexhageandco-workers[50–54]hasfirstdemonstratedexperimentallytheinfluenceofasilver
mirroronthespontaneousemissionofEu3+ionsasafunctionofdistance. Morerecently,a
considerableamountofworkhasbeencarriedoutonthemodificationofspontaneousemission
inthepresenceofareflectingsurface[55–57],howeverthesesystemsarecharacterizedbythe
presenceofanemittingsourceswithanintrinsichighquantumefficiency(e.g.,quantumdots).
TheaimofthepresentchapteristostudythemodificationofEr3+spontaneousemission
inEr:SiO2thinlayers(obtainedbymagnetronco-sputtering)bytheinteractionwiththin
filmswithdifferentdielectricfunction. Moreover,thepossibilityofthecouplingbetweenthe
emittedradiationandsurfaceplasmonpolaritons(SPPs)onthemetal-dielectricinterfaceat
theEremissionwavelength(λ=1540nm)isexplored.Acomparisonbetweenexperimentand
theoryisalsopresented,showingthatanexcellentcontrolontheradiativepropertiesofEr
ionshasbeenachieved.

2.2 Theoreticalmodel

Thephotoluminescence(PL)canbeseenasthetypicalspontaneousemissionprocess. The
spontaneoustransitiondecayrate(Γi,j)betweenanexcitedstate(i)andalowerenergystate
(j)isgivenbytheFermi’sgoldenrole[58]

Γi,j=
2π
|Mi,j|

2ρj, (2.1)

whereMi,jisa matrixelementthatconnectstheexcitedandlowerenergylevelsandis
determinedbythewavefunctionsassociatedwiththoselevels;ρjisthedensityofstates
oftheopticalfieldatthetransitionfrequency,hereafterreferredtoasthelocalphotonic
densityofstates(LDOS).Thus,theprobabilityoftheradiativetransitioncanbemodified
actingontheLDOSaspointedoutfirstbyPurcellatRadioFrequency(RF)wavelengths
in1946[4]. Thepresenceofaninterfaceincloseproximityofanemitterwill,inprinciple,

21
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modifyboththeLDOSandthematrixelementofthetransitionbetweentheexcitedstate
andthegroundstate,butthewavefunctionswillbeinfluenceonlyiftheatomsoftheinterface
aretheclosestneighbours(d∼1Å).Evenifthespontaneousemissioncanbeconsideredas
anarchetypalquantummechanicalprocesswheretheLDOSisseenessentiallyasvacuum
fluctuations,inaclassicalviewpointitcanbeinterpretedastheabilityofthesurrounding
structuretosupporttheemittedphotons. Onemayexpectthatthesetwoapproachesare
explanationsindifferentregimes,onthecontrarytheyarecomplementaryexplanationswhich
providethesamequantitativeanswer[59].Theequivalenceoftheclassicalmodelandafull
quantum-mechanicalcalculationhasbeenestablishedbyYeungandGustafson[60].

Intheclassicalviewpoint,theemitterisindeedconsideredasaforceddampeddipoleoscil-
latorandtheinfluenceofthesurfaceistakenintoaccountbydeterminingthetotalelectro-
magneticfieldactingonthedipole,includingthedipoleback-reflectedfieldfromthesurface.
Thedistancebetweentheemitterandthesurfaceisacrucialparameterforcontrollingthe
emitterlifetime,sincetheamplitudeandthephaseofthereflectedfieldwilldeterminewhether
theemissionratewillbeenhancedorsuppressed. Moreover,amorecompletedescriptionof
thephenomenonmusttakeintoaccountthattheemittercanlooseenergyviaenergytrans-
fertotheinterface(i.e.couplingwithsurfaceplasmonpolaritons(SPPs)andlossysurface
waves)[59].ThecomprehensiveanalyticalsolutionoftheproblemwasfirstgivenbyChance,
ProckandSilbeyin1975[61].Theyhavefollowedtwodifferentapproachesforthedetermina-
tionofthevariationofthelifetimeofanemitterclosetoaninterface.Thefirstonecalculates
thereflectedelectricfieldatthedipoleposition,whilethesecondoneusestheenergyflux
method.Theresultareequivalentbutthesecondapproachenablesalsotodistinguishbetween
theradiativeandthenon-radiativedecayrate.

ThepurposeofthissectionistopresentbrieflythemodelproposedbyChance,Prockand
Silbey("CPSmodel"inthefollowing)foranemittingdipolenearaninterface[62]. The
emitterisconsideredasaforceddampeddipoleoscillator,whichequationofthemotioncan
bewrittenas:

d2µ

dt2
+ω2µ=

e

m
ER−γ0

dµ

dt
, (2.2)

whereµisthedipolemomentum,ωistheoscillationfrequencyintheabsenceofalldamping,
m istheeffectivemassofthedipole,etheelectriccharge,ER isthereflectedfieldatthe
dipolepositionandγ0isthedampingconstant(decayrate)intheabsenceofthereflecting
surface.Thedipolemoment(µ)andthereflectedfield(ER)oscillatewiththesame(complex)
frequency:

µ=µ0e
−i[ω+∆ω]te−γt/2, (2.3)

and

ER=E0e
−i[ω+∆ω]te−γt/2, (2.4)

where∆ωandγarethefrequencyshiftandthedecayrateinthepresenceofaninterface,
respectively.Substitutingequations(2.3)and(2.4)into(2.2)andrecognizingthatγ2andthe
magnitudeoftheterm(e2/µ0m)E0areverysmallcomparedtoω

2[63],wehave

∆ω=
γ2

8ω
+

e2

2µ0mω
Re(E0), (2.5)

γ=γ0+
e2

2µ0mω
Im(E0). (2.6)
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Thefrequencyshift(∆ω)isfoundtobequitesmall[62].Fromequation(2.6)itisclearthat
thechangeofthedecayrateofanemitterclosetoaninterfaceisdictatedbytheout-of-phase
componentofthereflectedfield.Theproblemreducesnowinthecalculationofthereflected
electricfieldatthedipolepositionwhichhasbeenthetopicofmanyinterestingworks,most
ofthemusestheHertzvectorpotentialortheGreen’sDyadicfunction[64].Oncethereflected
fieldisdetermined(omittedhereforbrevity),thedecayrateforanydipoleorientationcanbe
derivedfromthecombinationofperpendicular(γt)orparallel(γp)dipolecomponentswith
respecttotheinterface:

γt=γ0 1−
3

2
Im

∞

0
Rp
u3

a1
exp(−4πn1a1z/λ)du , (2.7)

γp=γ0 1+
3

4
Im

∞

0
(1−u2)Rp+Rt

u

a1
exp(−4πn1a1z/λ)du , (2.8)

wheretheintegrationvariableuisthecomponentofthewave-vector(ofthedipolefield)
intheplaneoftheinterface,normalizedwithrespecttothefar-fieldwave-vectork1ofthe
dipoleradiationfieldinmedium1embeddingtheemitter(u=kx/k1),n1isitsrefractive
index,zisthedistanceoftheemitterfromtheinterface,λtheemittingwavelength. The
parametera1=−i

√
1−u2isrelatedtotheperpendicularcomponentofthewave-vectorat

theinterface,whileRpandRtaretheFresnelcoefficientsforp-ands-polarizedlightatthe
interfacerespectively,evaluatedasafunctionofuandcanbeexpressedas:

Rt=
a1−a2
a1+a2

, Rp=
ε1a2−ε2a1
ε1a2+ε2a1

, (2.9)

withε1beingthedielectricfunctionofthesurroundingmediumoftheemitter,ε2thecomplex
dielectricfunctionofthemediumbeyondtheinterfaceanda2=−i ε2/ε1−u2.

Figure2.1:Variationofnormalizedlifetimeasafunctionofthedistance(z)fromaAgoverlayer(ε2=-
115.75+9.60i)foranEr-likeemitter(λem=1540nm)embeddedinsilica.Parallel,perpendicular
andisotropicorientationareobtainedfromeq.2.8,2.7and2.10,respectively.

Sincethenormalizedwave-vectorumayrangeoverallpositivevaluesbetween0andinfinity,
thereflectioncoefficientshavetobecalculatedforbothrealandcomplexanglesofincidence,
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whichcorrespondtoincidentwavesthatarepropagatingandevanescentrespectively. When
thedipoleshaveanisotropicorrandomorientationconfigurationswithrespecttotheinterface,
thedecayrate(γiso)takestheform:

γiso=
1

τ
=
2

3
γp+

1

3
γt=

2

3
τp+

1

3
τt (2.10)

Asanexample,inFig.(2.1)isreportedthelifetimevariationofanemitter(λem=1540nm)
infrontofasilvermirrorasafunctionofthedistancefortheinterface.Thelifetimeoscillates
withincreasingdistancefromtheinterfacesincethephaseofthereflectedfieldchangeswith
thedistance,theamplitudeofthisoscillationdecreaseathigherdistancesbecausethestrength
ofthefieldemittedfromthedipole(andthusthereflectedfield)fadeswithincreasingdistance
fromit.Furthermore,fromFig.(2.1)itcanbenotedthatatsmalldistancesthelifetimeis
stronglyreducedduetothecouplingwithsurfaceplasmonpolaritonsanddissipationatthe
metal-dielectricinterface.
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2.3SampleSynthesis

SincethestudyofthemodificationofthelifetimeofthecharacteristicEr3+emissionat1540
nmduetotheproximityofaninterfacerequireshighcontroloverthedistancesbetweenthe
emitterandtheinterface,magnetronsputteringhasbeenchosenassynthesistechniquefor
Er:SiO2thinfilms.Inthiswaynotonlythethicknessofthedopedlayercanbetailoredas
requiredbutalsothedistancebetweentheEr:SiO2filmandtheinterfacecanbecontrolledjust
switchingofftheErsputteringsourceanddepositingpuresilicawhichactsasaspacer.The
differenceintherefractiveindexofpureandlow-concentrationEr-dopedsilicaisnegligible.
TwodifferentErconcentrationshavebeenexplored:0.1%at.and1.1%at.Thefirstonebelow
theconcentrationquenchinglimit[8],whilethesecondoneisatthethresholdwherethecon-
centrationquenchingdecreasestheErquantumefficiency.Thefilmsweredepositedon1mm
thicksilicaslides(HSQ300byHeraeus).Beforethedeposition,silicasubstrateswerecleaned
ina“piranha”solution(30%H2O2,70%H2SO4)for20minandcopiouslyrinsedwithMilli-Q
water(18MΩresistivity).PriortosilicaandErbiumco-deposition,a75nmthickbufferlayer
ofpuresilicawasdeposited.Duringthedepositions,thesampleholderwasrotatedtohavea
goodhomogeneityofthefilmcompositionandthickness.Erconcentrationwasmeasuredby
RutherfordBackscatteringSpectrometry(RBS),whiletheconcentrationprofilewasobtained
bySIMSmeasurements.InordertorestorethematrixdefectsinducedduringtheEr:SiO2
filmdepositionandactivatetheEr3+luminescenceat1.54µm,thesampleswereannealed
for2hoursat900℃ invacuumatmosphere(P∼10−5mbar).Erionsdiffuseminimallyun-
dertheseconditions,ascheckedbySIMS.Photoluminescencemeasurements,bothintegrated
andtimeresolved,wereperformedatroomtemperaturebyexcitingthesampleswitha6Hz
mechanicallychoppedcwArlaser. Bothin-resonance(λexc=488nm)andout-ofresonance
(λexc=476.5nm)excitationconditionswereemployed.ThePLsignalwasanalysedbyasingle
gratingmonochromatoranddetectedbyanear-infraredphotomultipliertubecooledbyliquid
nitrogen. Thetime-resolvedPLanalysiswascarriedoutbyfixingthedetectedwavelength
at1540nmandcollectingthePLintensityevolutionasafunctionofthetimewithadigi-
taloscilloscope(TektronixTDS7104). Asexpected,noPLsignalhasbeendetectedunder
non-resonantexcitationatλ=476.5nm.

Table2.1:Samplesynthesisparametersandmeasuredlifetimesofthereferencesamples(S1,S2andS3)

Sample FilmThickness Erconc. SiO2Spacer Annealing Lifetime
[nm] %at. [nm] ℃ [ms]

S1 75±3 1.1 - 900 10.0±0.2

S2 85±4 0.1 - 900 13.0±0.2

S3 20±2 0.1 250 900 10.4±0.2

FromTable1canbeimmediatelynotedthatsampleS2andS3,withidenticalErconcen-
trationhaveτ=13msandτ=10.4ms,respectively.Sincetheannealingconditionsarethe
same,theonlydifferencebetweenthetwosamplesisthedistanceoftheEr-dopedlayerfrom
thesurface,thereforeitisclearthatnotonlyabsorbingmediamayinfluencetheradiative
lifetimeofEr3+ionsbutalsotheeffectof"airinterface"hastobetakenintoaccountsinceit
playsaminorbutdetectableroleinthemodificationofτ.
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2.4 CalculationofEr3+lifetimewiththeCPSmodel

InordertoapplythemodelproposedbyChance,ProckandSilbey(CPS)toEr:SiO2thin
filmssomeimportantclarificationshavetobedone.SincethedipolemomentofEr3+ionsin
silicawouldhavenopreferredorientation,thedipoleorientationwithrespecttotheinterface
canbeconsiderrandom,thustheequation(2.7)and(2.8)canbesubstitutedinto(2.10)
obtainingtheexpressionoftheradiativedecayrate(γisor )ofasingleemitterasafunctionof
thedistance(z)fromtheinterface:

γriso(z)=γ
r
0 1+

1

2
Im

∞

0
−Rp

u3

a1
+ (1−u2)Rp+Rt

u

a1
exp(−4πn1a1z/λ)du ,

(2.11)
whitγr0theradiativedecayrateinthemediumwithoutaninterface

1.

Theexperimentallymeasureddecayrate(Γ0)canbeconsideredasthesumofaradiative
(Γr0)andanon-radiative(Γ

nr
0)contribution,withthelatterbeingunaffectedbythepresenceof

theinterface.SincetheEr-dopedfilmhasafinitethickness,theErdistributioninthefilmhas
tobetakenintoaccount.FromSIMSmeasurementswehaveobservedthatErdiffusionduring
thethermalannealingisnegligible,thustheErconcentrationprofilehasbeenapproximated
withthecharacteristicfunction:

f(z)=
f0,z∈[z0,z0+zEr]

0,z/∈[z0,z0+zEr]
(2.12)

withz0=zmin beingthedistanceoftheEr:SiO2filmfromtheinterface,zErthethicknessof
Er:SiO2film(sothatthemaximumdistanceofEriszmax=z0+zEr)andf0the(constant)Er
concentration.

Figure2.2:PLintensitytimedependence. ComparisonbetweenthetimedependenceofthePLintensity
calculatedaccordingtoequation(2.13)andasingleexponentialdecay

1Inthefollowingthenotationγbastandsforasingleemitter(dipole),whileΓ
b
astandsforthedecayrateofa

distributionofemitters(i.e.Erions).



2.4CalculationofEr3+lifetimewiththeCPS model 27

ThetimedependenceofthePLintensityIPL(t)isthereforecalculatedas:

IPL(t)=I0
∞

0
f(z)e−γ

r
iso(z)tdz=I0f0

zmax

zmin

e−γ
r
iso(z)tdz (2.13)

whereγrisoisthedecayrateforanemitteratadistancezfromtheinterfaceandI0the
stationaryemissionintensity.Sincethedependencyisslightlynon-exponential,followingthe
approachofBaoetal.[65],wehavedeterminedtheradiativedecayrate(Γriso,calc)fittingthe
first20ms(wheretheagreementisquitesatisfactory)ofthenormalizedcomputedfunction
withasingleexponentialcurve(seeFig.(2.2)). Keepingconstantthenon-radiativedecay
rate(Γnr0),thecalculatedErlifetimebecomesτcalc=1/(Γ

r
iso,calc+Γ

nr
0).

2.4.1Radiativeandnon-radiativelifetimeinEr:SiO2

Todeterminetheradiative(τr0)andnon-radiativelifetime(τ
nr
0)ofthereferencesample,the

measuredlifetimevalueslistedinTable2.1havetobeevaluatedtakingintoaccountthe
distancefromthesurfaceoftheEr-dopedlayer.It’sworthnotingthatthepresenceofa
dielectricmedium,withnocomplexcomponentofthedielectricfunction,willinfluencejust
theradiativelifetimeofanemitterincloseproximityofthedielectric-dielectricinterface,
sincethedissipativecontribution(SPPsandsocalledlossysurfacewaves)isgovernedbythe
complexpartofthedielectricfunction.AtalowErconcentration,thedecayrate(Γ0)ofthe
4I13/2→

4I15/2transitioninarelaxedSiO2latticeis70s
−1(τr0=14.2ms)anditismainly

duetoradiativeemission(Γ0=Γ
r
0)[8].Usingthisvalueintheequation(2.11)andfollowing

theproceduredescribedintheprevioussection(withε2=εair=1),theradiativedecayrate
Γrcalccanbeobtainedforthethreereferencesample.Thedifferencebetweentheexperimental
value(Γexp=1/τexp)andthecalculatedoneisthenon-radiativedecayrateΓ

nr.(seeTable
2.2).

Table2.2:Radiativeandnon-radiativedecayrateofthe4I13/2→
4I15/2transitionforthereferencesamples.

Theinfluenceofthedistancefromair-SiO2interfaceisevaluatedwiththemodeldescribedinthe
text.Radiativeefficiencyisalsoreported

Sample Γr0 Γriso,calc Γexp Γnr Radiative

[s−1] [s−1] [s−1] [s−1] efficiency

S1 70 55.1 100±3 44.9 0.55

S2 70 55.6 76.9±3 21.3 0.72

S3 70 65.9 96.2±4 30.3 0.68

Moreover,theradiativeefficiency(q)canbeevaluatedfromthecalculatedandexperimental
decayratesinthefollowingway:

q=
Γr

Γr+Γnr
=
Γriso,calc
Γexp

. (2.14)

SampleS1hasthehighestnon-radiativedecayrateduetothehighErconcentration,above
theconcentrationquenchinglimit.DespitetheequalErconcentrationandthesimilarsynthe-
sisparameters,sampleS2andS3presentslightlydifferentradiativeefficiency(∆q∼4%);this
canbelikelyattributedtothepresenceofsomeresidualdefectsinthethickersilicadeposited
film(∼270nm)actingasnon-radiativedecaycentresandnotcompletelyrecoveredduringthe
thermalannealingperformedtoactivatetheErions.
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2.5 Metallicoverlayer

Themodificationofthelifetimeofthetransition4I13/2→
4I15/2forEr

3+emissionat1540nm
hasbeenstudiedforfourdifferentmetallicfilms.Ithasbeenchosentoworkwith2plasmonic
metals(i.e.,AuorAg)andwithCrorTi.Afterthethermalactivationprocess(900℃ 2h
invacuum),theopticallythick(t>200nm)metallicfilmsweredepositedonsampleS1via
magnetronsputtering(seeFig.2.3).

(a) (b)

Figure2.3:(a)Schematicrepresentationofthestructureofthesamplesandtheirorientationduringphoto-
luminescencemeasurements.(b)TypicalEr3+PLspectraofthesamplesmeasuredat1540nm
underresonant(λexc=488nm)andout-of-resonance(λexc=476.5nm)excitationconditions.

Allfilmthicknessesweremeasuredbothwithanatomicforcemicroscope(NT-MDTSolver-
ProAFM)andaprofilometer.Sinceaprecisevalueofthedielectricfunctionat1540nm
ofthemetalfilmwasnecessarytocomparetheexperimentalresultswiththecalculations,
insteadofusingthevaluespresentinliterature(suchas[66,67]),thedielectricfunctions
weredeterminedbymeansofaVASEofJ.A. WoollamCo.spectroscopicellipsometer.PL
spectrumofthesampleswasobtainedatroomtemperature(RT)byresonantexcitationwith
the488nmlineofacontinuous-wave(CW)Arlaser,exhibitingthecharacteristicPLemission
at1540nmrelatedtotheEr3+4I13/2→

4I15/2transitioninsilica.Nodifferenceinthepeak
positionwasnoticedafterthemetaldeposition.Furthermore,undernon-resonantexcitation
at476.5nmnomeasurablePLsignalat1540nmhasbeendetected,indicatingnooccurrence
ofenergy-transfermechanismstowardsErionsinthepresenceofthemetallicoverlayers(see
Fig(2.3)).

Fig.(2.4)showsthePLdecaycurvesofsamplesS1withthedifferentindicatedoverlayers,
measuredunderresonantexcitationconditions(λexc=488nm).AllPLdecaycurvesarechar-
acterizedbyasingleexponentialbehaviourthathasbeenfittedtodeterminetheexperimental
Erlifetimes(seeTable2.3).Figure(2.4)clearlyshowstheeffectontheshorteningoftheEr3+

lifetimeforthecharacteristicemissionat1540nmduetothecloseproximityofametallic
overlayertotheEr-doped75nmthickfilm.Sampleswithgold(S1Au)andsilver(S1Ag)over-
layerexhibitareductioninthemeasuredlifetimeofabout1/2ofthevalueofthereference
sample(S1),whilesampleswithchromiumandtitaniumfilmspresentamorepronounced
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Figure2.4:RoomtemperaturePLdecay measurementsat1540nmperformedunderresonantexcitation
conditionsofsamplesS1withAu,Ag,CrandTioverlayers.

lifetimeshortening,especiallysampleS1Tithathasτexp=2.9ms.Tobetterunderstandthis
lifetimevariationtheexperimentallymeasuredvalueswerecomparedwiththosecalculated
withtheCPSmodelandtheobtainedvaluesarelistedinTable2.3.Ingeneralgoodagree-
mentbetweenthemeasuredvaluesandthecalculatedoneswerefound,especiallyfortheS1Ti
andS1Crsampleswheretheadhesionbetweenthesputteredfilmandthesilicasubstrateis
strong.Sincethequalityoftheinterfacehasaprimaryimportanceintheinteractionbetween
theemitterandthemetallicoverlayer,itisreasonableassumingthatthedifferenceofabout
1.5msbetweenthecalculatedandexperimentallyobtainedvaluesforthesamplesS1Auand
S1Ag canbeattributedtothewell-knownpooradhesionofthenoblemetalsfilmsonthe
Er:SiO2film.Thiswillbeshowninthenextsection.

Table2.3:SamplescharacteristicsandPLdecayresults.εOL isthedielectricfunctionofthemetallicfilms
measuredatλ=1540nmbyspectroscopicellipsometry.Inthelasttwocolumnsthecomparison
betweentheexperimentallyErlifetimemeasuredat1540nm(resonantexcitationatλ=488nm)
andthevaluecalculatedaccordingtothemodeldescribedinthetextisreported.

Sample Er:SiO2film εOL τexp τcalc
thickness[nm] (λ=1540nm) [ms] [ms]

S1 75±3 1 10±0.2 -

S1Au 75±3 -128.35+11.75i 5.2±0.3 6.7

S1Ag 75±3 -103.21+11.12i 5.0±0.4 6.3

S1Ti 75±3 2.427+29.59i 2.9±0.2 2.8

S1Cr 75±3 -6.37+41.16i 3.3±0.2 3.2

Improvingthequalityofthenoblemetal-SiO2interface

Tobetterevaluatethedifferencebetweentheexperimentallymeasuredlifetimesandthecalcu-
latedvaluesforthesamplesS1AuandS1Ag,onthereferencesampleS2(withhigherradiative
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efficiency)wasdepositedbymagnetronsputteringasilverandagold250nmthickfilms.To
promotetheadhesionandimprovethequalityoftheinterfacebetweenSiO2andthenoble
metalfilms,athermalannealingat250℃ for2hoursinvacuum(P∼10−5mbar)wasper-
formed.Vacuumhasbeenchosentoavoidpossibleoxidativereactionespeciallyonsilverfilm.
ThereferencesampleS2wasalsoannealedtoverifythatthe"low"temperatureannealingdo
notinfluencetheopticalpropertiesoftheEr:SiO2layer;asexpectednodifferencehasbeen
detectedinthemeasuredlifetimebeforeandaftertheannealingonsampleS2.Thedielectric
functionofthenoblemetalfilmsweremeasuredat1540nmaftertheannealingbyspectro-
scopicellipsometryandthevaluesarealmostcoincidentwiththeoneobtainedforS1Auand
S1Ag samples(cf. Table2.3andTable2.4),demonstratingthatnooxidationreactionhas
occurredduringtheannealing.

Table2.4:SamplescharacteristicsandPLdecayresults.εOL isthedielectricfunctionofthemetallicfilms
measuredatλ=1540nmbyspectroscopicellipsometry.Inthelasttwocolumnsthecomparison
betweentheexperimentallyErlifetimemeasuredat1540nm(resonantexcitationatλ=488nm)
andthevaluecalculatedaccordingtothemodeldescribedinthetextisreported.

Sample Er:SiO2film εOL τexp τcalc
thickness[nm] (λ=1540nm) [ms] [ms]

S2 85±3 1 13±0.2 -

S2Au 85±3 -116.91+9.73i 8.5±0.4 8.1

S2Ag 85±3 -115.75+9.60i 8.4±0.4 8.1

AscantheseenfromTable(2.4),amuchbetteragreementonthelifetimevariationisnow
obtained,andthecalculatedvaluesareinanalmostperfectagreementwiththemeasuredones.
ThefactthatagainnoPLsignalhasbeenobtainedfromnon-resonantexcitation(λ=476.5
nm)canbeconsideredasaproofthatnodiffusionandclusteringofnoblemetalatomsin
theEr-dopedfilmhasoccurred,sinceAuandAgsub-nanometricclustersarewell-known
sensitizersforEr-dopedsilica[36,39].

(a) (b)

Figure2.5:(a)AFMtomographyoftheEr:SiO2surfaceafterthepeeloffofthegoldfilm.(b)Roughness
profiledeterminedbyAFMmeasurementsoftheEr:SiO2surfacebeforetheAudepositionand
aftertheAufilmpeeloff.TheroughnessoftheAupeeledofffilmisalsoreported.

Moreover,thequalityoftheinterfacewasalsodeterminedbymeansofAFM,measuringthe
roughnessoftheEr:SiO2depositedfilmandthesamesurfaceafterthegoldfilmdeposition,a
thermalannealing(250°Cfor4hinVacuumatmosphere)andthepeeloffofthefilm.Inboth
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casestheroughnessaverage(Ra=
1

n

n

i=1
|hi|)wasfoundtobelessthan1nm(seefigure(2.5)).

TheroughnessofapeeledAufilmwasalsodeterminedtobelessthan1nm.Furthermore,
theEr3+lifetimewasmeasuredagainontheS2Ausampleafterthepeeloffofthegoldthin
filmandtheτexpwasfoundtobe12.9ms,inperfectagreementwiththeS2referencesample
(13ms).HenceanyinfluenceontheEr:SiO2filmsurface,structureandcompositiondueto
metaldepositioncanbeexcluded.

2.5.1Intermediatedistancerange

AsshowninFig.(2.6)theoscillationofthelifetimeasafunctionofthedistancefromasilver
overlayerpresentsaminimumatadistanceofabout260nmfromtheinterface.

Figure2.6:TheoreticaldependenceofEr3+emissionlifetimesinsilicaasafunctionofthedistancezfrom
asilver,air,silicon,titaniuminterface.Thecurvecalculatedwithagoldsurfaceoverlapstothe
silveroneandithasnotbeenreported.

Atthisdistancethecouplingoftheemittedradiationwithlossysurfacewaves(LSW)
becomesweakandtheshorteningoftheradiativelifetimecanbeattributedalmostexclusively
totheexcitationofSPPsandthevariationofphotonicdensityofstatesduetothereflection
oftheemittedfieldonthesilverinterface(seefigure(2.10)).Toexploreexperimentallythis
phenomenon,onthesampleS3(wherethethicknessoftheEr:SiO2wasreduceddownto
20nmandapuresilica250nmthickfilmwasdepositedontop)asilveropticallythick
layerwasdepositedbymagnetronsputteringandthenthermallyannealingat250℃ for2
hoursinvacuumwasperformedtopromotetheadhesionofthenoblemetalfilmonthesilica
(εAg=-115.75+9.60i).Thelifetimemeasuredunderresonantexcitationatλ=488nmshowsa
significantreductionof2.4ms(τexp=8.0ms)comparedtothereferencesampleS3.Oncemore,
thevalueisinperfectagreementwiththelifetimecalculatedwiththeCPSmodel,showing
thathighcontrolontheEr3+lifetimecanbeachievedchangingboththedielectricconstant
oftheoverlayerorthedistancefromtheinterface.
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Table2.5:S3andS3Ag synthesisparameterswithexperimentallymeasuredandcalculatedlifetimes.

Sample Er:SiO2film SiO2spacer εOL τexp τcalc
thickness[nm] thickness[nm] (λ=1540nm) [ms] [ms]

S3 20±1 250 1 10.4±0.2 -

S3Ag 20±1 250 -115.75+9.60i 8.0±0.4 8.3

2.6Semiconductingoverlayer

Aftertheinvestigationofthevariationofthelifetimeofthetransition4I13/2→
4I15/2ofEr

3+

ionsembeddedinsilicamatrixduetothepresenceofairandmetallicinterface,itisinteresting
nowtoevaluatealsohowthepresenceofasemiconductorinterfacewillaffectthelifetimeof
Er-dopedthinfilms.Thenaturalchoicehasbeensilicon.Ithasalsothepeculiarpropertyof
being(at1.5µm)agoodreflectorduetothehighdifferenceintherealpartofthedielectric
function,butaveryweakabsorberbecauseofthealmostnullcomponentofthecomplexterm
ofthedielectricfunctionatλ=1540nm(εSi=12.09+8×10

−6i). Tothispurpose,asample
(namedS1Si)withthesamesynthesischaracteristicofthesampleS1(Erconc.=1.1at.%,
Er:SiO2thickness=75nm)wasdepositedonasiliconwaferwithasilicaspacerof75nm.The
samplewasannealedaswell-establishedat900℃ for2hoursinvacuumatmosphere. The
Er3+radiativelifetimewasshortenedofabout2mswithrespecttothereferencesample.

Figure2.7:Geometryofthetwointerfaceproblem,wheredandsarethedistancesfromtheoverlayerwith
dielectricfunctionε2andε3,respectively.

SincetheEr-dopedlayeronthesampleS1Siisplacedbetweenadoubleinterface(aironone
sideandsiliconontheother)theequation2.11doesn’tholdanymore.Omittingforbrevity
thedetailsonthecalculation,withthesameproceduredescribedforasingleinterface,Chance,
Miller,ProckandSilbey[68]havederivedthefollowingequationthatpredictsthedecayrate
ofasingleemitterwithperpendicular(γt)andparallel(γp)orientationswithrespecttothe
twointerfaces(asinFig.2.7):

γt(d,s)=γ0
3

2
Im

∞

0

F(d,−R1,2p )F(s,−R
1,3
p )

F(d+s,−R1,2p R
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p )

u3
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du, (2.15)

γp(d,s)=γ0
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whereF(x,y)=1+yexp(−4πn1a1x/λ),dandsbeingthedistancefromtheinterface2and
3respectively(seeFig.(2.7)).Thereflectioncoefficientaredefinedlikethosein(2.9):

Ri,jt =
ai−aj
ai+aj

, Ri,jp =
εiaj−εjai
εiaj+εjai

, (2.17)

andak=−i(εk/ε1−u
2)1/2.Oncemore,sinceErionsdonothaveapreferentialorientation

withrespecttotheinterface,theisotropicorientationconfigurationtakestheformdescribed
byequation2.10.
Sincethetotalthicknessofthedepositedfilmis150nm(75nmofEr:SiO2plus75nm
ofsilicaspacer),wecanexpressthedistancefromtheairoverlayeras:s=150−d;thusγiso
becomesfunctionofonevariableanditispossibletoevaluateτcalcfollowingtheprocedure
describedinsection2.4.ThevalueofΓr0andΓ

nr
0 aretheonesdeterminedforsampleS1(see

Table2.2).AscanbeseenfromTable2.6,theexperimentalandthecalculatedvaluesarein
almostperfectagreementshowingnotonlythatthetheoreticalmodelpresentedbyCPScan
beappliedtosemiconductorinterfacesbutalsothatthelifetimeshorteningofEr:SiO2canbe
obtainedbythepresenceofasemiconductinginterface.

Table2.6:S1andS1Sisynthesisparameterswithexperimentallymeasuredandcalculatedlifetimes.

Sample Er:SiO2film SiO2spacer ε2 ε3 τexp τcalc
thickness[nm] thickness[nm] (λ=1540nm) [ms] [ms]

S1 75±3 - 1 - 10±0.2 -

S1Si 75±2 75±2 12.09+8x10−6i 1 8.2±0.4 8.5

2.7 Thechoiceofanoptimumoverlayer-Re[εOL],Im[εOL]maps

Figure2.8:Normalizedlifetimevariationasafunctionoftherealandimaginarycomponentofthedielectric
functionoftheoverlayerforz0=35nm(a)andz0=70nm(b).Theinsetshowsanenlargedview
oftheregionaroundtheorigin.

Afterexploringbothexperimentallyandtheoreticallythevariationofthelifetimeduetothe
presenceofadielectric(air),metallic(Au,Ag,TiandCr)andsemiconducting(Si)overlayers,
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itispossiblenowtogeneralizethemodelpresentedinthetextandtodrawacontourplot
whereatafixeddistancefromtheinterface(z0)thevariationofthenormalizedlifetime(τ/τ0)
canbeevaluatedasafunctionofthereal(Re[εOL],)andtheimaginarypart(Im[εOL])ofthe
complexdielectricfunctionoftheoverlayer.Thesemapscanbeanusefultooltopredictthe
variationofthedecayrateandtochoosetheoptimumoverlayermaterial.

2.8 Powerdissipationandradiativeefficiencywithanoble

metaloverlayer

Itisinterestingnowtotrytoseparatethedifferentpathwaysinwhichthedecaycanoccurfor
anexcitedEr3+closetoaninterface(i.e.radiative,SPPandnon-radiativemodes).Consider-
ingageometrywithaninfinitelyextendedplaneabovetheemitter(z>z0)andanotherbelow
theemitter(0<z<z0,beingz0thedistanceoftheemitterfromtheoverlayer),andcalculating
theenergyfluxthroughthesetwoplanesarigorousseparationbetweentheenergyflowing
awaybyfar-fieldradiation(F↑)andtheenergytransferredtotheinterface(F↓)canbegiven.
Thefluxthrougheachplaneisobtainedbyintegratingthenormalcomponentofthecomplex
Poyntingvector(S∗)overtheplane[62].

Dividingthentheenergyfluxbythetotalenergyradiatedbythedipole,theprobabilities
ofthetwomechanisms(γ↑,γ↓)aregivenby:

γ↑(z)=Γ
r
0 1+

1

2
Im

1

0
−Rp

u3

a1
+((1−u2)Rp+Rt)

u

a1
)exp(−4πn1a1z/λ)du ,(2.18)

γ↓(z)=Γ
r
0
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−Rp

u3

a1
+((1−u2)Rp+Rt)

u

a1
)exp(−4πn1a1z/λ)du , (2.19)

Ofcourse:

γ↑(z)+γ↓(z)=γ
r
iso(z) (2.20)

Asafirstapproximation,γ↑maybeseenasradiativedecayrate(γ
r)andγ↓asnon-radiative

decayrate(γnr).Itisnowpossibletocalculatethesocalledfar-fieldradiativeefficiency(qF),
thatdescribehowmanyphotonscouplesdirectlytofar-fieldradiationdividedbythetotal
energyemittedbythedipole.Asafunctionofthedistancefromtheinterface(z),thefar-field
efficiencyisgivenby:

qF(z)=
γr(z)

γr(z)+γnr(z)
=

γ↑(z)

γ↑(z)+γ↓(z)
. (2.21)

qFisnottheactualradiativeefficiencyoftheemittersincethecontributionofsurfaceplasmon
polaritonsisconsideredasnon-radiativedecaychannelsbecausetheyareseenasenergydissi-
patedintheplanebelowtheemitter,althoughSPPsareindeedEMmodespropagatingonthe
metal-dielectricinterfacethatcanbecoupledoutintofar-fieldradiationorcanre-excitethe
Er3+ionthatarelocatedclosetotheinterfaceandthereforecontributetothetotalemitted
radiation[69].

Thus,tolookindepthonhowtheenergygoesawayfromanexciteddipole,itisworth
consideringmoreindetailthenear-field,azonethatextendsroughlyadistanceλemfrom
theemitter.Inthiswayitispossibletoevaluatehowtheelectromagneticpowerisradiated
awayfromtheemitter. Thenear-fieldemittedfromadipolecontainscomponentswitha
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Figure2.9:Powerdissipationasafunctionofthenormalizedwave-vectoruforanemitter(λem=1540nm)
embeddedinsilicainfrontofasilverfilm.Intheinsetenlargestheregionaroundthelightline
(u=1)toevidencethepeakarisingfromtheSPPscoupling.

largerangeofwave-vectorsk,butonlythecomponentswithk<k1(i.e.,u<1)willpropagate
directlyintothefar-field(withk1beingthefar-fieldwave-vectorinthemediaembeddingthe
dipole).Importantly,foradipolelocatedneartoaplanarsurface,awiderangeofkxalso
exists(kxbeingthewave-vectorintheplaneofthesurface),thedipoleemittedradiationcan
coupletomodeshavingin-planemomentagreaterthank1,suchasSPPsincaseofmetal
interface,modesthatarenotaccessibletoincidentplanewaves.
AspointedoutbyFordand Weberin[70]thepowerdissipatedbyadipoleinthepresence
ofametalinterfacecanbeseenasthesumofthreedifferentcontributions:

P=Pphoton+PSPP+PLSW (2.22)

wherePphotonisthepowerradiatedviaphotons,PSPP viasurfaceplasmonpolaritonsand
PLSW thatviasocalledlossysurfacewaves. Forarandomlyorientedemitter,atagiven
distancefromtheinterface(z)thepowerdissipationspectrumcanbeobtainedplottingthe
imaginarypartoftheintegrandinequation(2.11)asafunctionofthenormalizedwave-vector
u=kx/k1(seeFig(2.9)forasilveroverlayer)[59].
InFig.(2.9)threedifferentregionscorrespondingtothedifferentpowercontributioncan
bedistinguished:

•intheregion0≤u≤1theemittercouplestofar-fieldpropagatingwaves(Pphoton),the
valueofugivesthedirectionofemission;

•justabovethelightlinethereisanarrowpeakwhichcorrespondstosurfaceplasmon
emission(PSPP).TheenergyradiatedfromtheemittercoupleswithSPPsonthemetal
dielectricinterface.However,theprocessisstillradiativeinnature,sincetheenergyis
carriedawaybywavepropagatingalongthesurface.Nolossinthemetalisrequiredfor
thisprocesstooccur[70];

•atu 1,forsmallz,abroadpeakassociatedwithlossysurfacewavesarises(PLSW).
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Thenon-radiativedecayiscausedbytheoscillatingnear-fieldofthedipolewhichinduces
electronicchargedensityoscillationsthatdissipatethroughscatteringinthesubstrate.

Figure2.10:Modificationofthedecayrateforanemitterwith λem=1540nmembeddedinsilicaasa
functionofthedistancefromasilveroverlayer(ε=-115.75+9.60i). Thetotaldecayraterate
issplitupintothethreedecaychannels(i.e.,radiative,SPPsmodesandLSW.)

Asanexample,inFig.(2.10)thedifferentcomponentsofthenormalizeddecayrateare
plottedforanEr-likeemitter(λem=1540nm)embeddedinsilicainfrontofasilverfilm(ε=-
115.75+9.60i). Atsmalldistances(0<z<λ/50)thenon-radiativecontributionduetothe
couplingwithLSWisdominant. Whenthedistancefromthesurfaceincreases,LSWcontri-
butionbecomesnegligible,SPPsmodesandlocaldensityofstatesfluctuationareresponsible
forthevariationofthespontaneousemissionlifetime.ThecouplingwithSPPsmodesfades
withthedistancefromtheoverlayerbutitisappreciabletoadistancealmostequaltothe
λem,showinghowErionscanefficientlycoupletotheAg/SiO2interfacewhenthedistance
betweenEr:SiO2andnoblemetalinterfaceisoptimized.
InordertoquantifytheSPPmodescontribution(γSPP)tothetotaldecayrate,thesharp
peakjustabovethelightlinehastobeintegratedasafunctionofu(seeFig.2.9). Asa
result,alsothecontributionofthelossysurfacewaves(γLSW)canbedeterminedasfollows:

γLSW=γnr−γSPP, (2.23)

andthenear-fieldradiativeefficiency(q∗F)isgivenby:

q∗F(z)=
γr+γSPP

γr+γSPP+γLSW
(2.24)

ThetworadiativeefficienciesqFeq
∗
Fcanbeseenaslimitingcases.Inanidealcasewhere

alltheenergyassociatedwiththesurfaceplasmonscanbecoupled-out(eitherbyEr3+re-
excitationorbytheengineeringtheoverlayergeometry),γSPPcanbeconsideredasanactual
radiativedecaychannelalsointhefar-field[71].
AccountingtheErdepthdistribution(f(z))asdescribedinsection2.4,Γr,ΓSPPandΓLSW
canbecalculatedforanEr:SiO2thinfilmwithanoblemetaloverlayer.Thenear-fieldand
far-fieldradiativeefficiencyforthesamplesS2Ag,S2AuandS3AgarereportedinTable2.7.
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Table2.7:ThevaluesofΓr,ΓSPP,ΓLSW andacomparisonoftheradiativeefficiencycalculatedwith(2.19)
andwith(2.24)arereportedforthesampleS2Ag,S2Au andS3Ag

Sample Γr[s
−1] ΓSPP[s

−1] ΓLSW[s
−1] qF q∗F

S2Ag 38.6 27.5 35.6 0.38 0.65

S2Au 38.7 27.2 35.5 0.38 0.65

S3Ag 69.4 19.3 0.9 0.77 0.99

FromthevalueslistedinTable2.7,itisclearthattheSPPcontributionisconsiderableinall
thesamplesunderstudyandthatatErbiumemissionwavelengthnodifferenceareappreciable
betweenAuandAgopticallythickfilms.Remarkably,thenear-fieldradiativeefficiency(q∗F)
inthesampleS3Agreachesthe99%withasignificantreductionofEr

3+lifetime.

2.9 Conclusions

TheenhancementofErbiumradiativedecayratehasbeenprovenforfourdifferentmetallic
andasemiconductoroverlayer,showingthatagoodcontrolovertheradiativepropertiesof
ErbiumionscanbeachievedactingonthedistancebetweenEr:SiO2filmandtheinterface.A
reductionupto1/3oftheinitialvalueofErbiumlifetimewasobservedduetotheinteraction
withaTiandCrfilms. Moreover,forallthedifferentoverlayersthevariationisingood
agreementwitha modelthattakesintoaccountvariationsinthelocaldensityofstates,
excitationofsurfaceplasmonsandlossysurfacewaves.Thus,theefficientcouplingbetween
EremissionandpropagatingsurfaceplasmonsattheSiO2–noblemetalinterfacehasbeen
proven,showingthatiftheSPPscanbeefficientlycoupledout,theradiativeefficiencyofthe
Er3+transitionat1540nmcanbestronglyenhanced.





3 ControlofErbiumemissionlifetimeat
1540nmbyinteractionwithNanoHole
Arrays

3.1Introduction

InthestudyofthevariationoftheEr3+decayrateat1540nmduetothepresenceinclose
proximityofametallicinterface,ithasbeenfoundthatErradiativeemissioncanefficiently
couplewithSPPmodesonthenoblemetal-silicainterface. Thiscouplingcansignificantly
shortenthelifetimereducingthepermanenceoftheionintheexcitedstateandthusthe
probabilityofnon-radiativerecombinations.Thechallengestillremainstocoupleoutaseffi-
cientlyaspossiblethesurfaceplasmonsinthefarfieldradiation.Onepossiblesolutiontothe
problemcomesfromplasmonicnanostructuresthat,duetotheelectromagneticfieldconfine-
mentandthenear-fieldenhancement,caninprincipleenhancetheluminescentpropertiesof
emittersplacedincloseproximity.Inrecentyears,alotofworkhasbeencarriedoutonthe
interactionbetweenanemitterandaplasmonicnanoparticleshowinghowtheenhancement
orthequenchingoftheluminescenceisfunctionofthedistancefromthenanoparticle[7].Sur-
prisingly,theNanoholeArray-emitterinteraction,instead,hasstilltobedeeplyinvestigated
andonlyfewworksarepresentinliterature[?,?,?,?,?,?].Thepeculiarfeaturethatmakes
themattractiveforenhancementoftheEr3+PLemissionat1540nmistheextraordinary
opticaltransmission(EOT).EOTrelatestothepossibilityofobtainingahugeenhancementin
thelighttransmittedthroughanorderedarrayofsub-wavelengthholesdrilledinaotherwise
totallyopaquemetallicfilm.EOTcanbeexploitedinnanophotonicswhenresonantlycoupled
totheemissionwavelengthoftheemittersothataremarkablechangeofthelocaldensityof
states(LDOS)canoccurwitharelatedpossibilitytochangethequantumefficiencyofthe
emitter. Moreover,SPPsmodespropagatingontheNHA-dielectricinterfacecancoupleout
infar-fieldradiationwithouttheuseofprismsoradditionalgratings(i.e.,NHAisitselfa2D
grating).InthepresentchaptertheEr3+-NHAinteractionwillbeinvestigatedbothexperi-
mentallyandwithfiniteelementmethod(FEM)simulations,studyingthelifetimevariation
asafunctionofNHAopticalpropertiesandtheseparationdistance.

3.2Surfaceplasmons

Duetothehighabsorptioninthevisiblerange,forlongtimetheuseofmetalsinthephotonic
fieldwaslimited;nonethelessinthelastdecades,metalstructureshavegainmoreandmore
importancebecauseoftheiruniqueabilitytoconfinelightatlengthscalessmallerthanthe
wavelength.Thispeculiarfeatureemergesfromthepossibilityofexcitatingsurfaceplasmons
thatcanconfineelectromagneticfieldsoverdimensionsontheorderoforsmallerthanthe
wavelength. Theinteractionprocessesbetweenelectromagneticradiationandconduction
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electronsatmetallicinterfacesorinsmallmetallicnanostructuresinducestheenhancement
oftheopticalnear-fieldofsub-wavelengthdimension[3].

Twodifferentkindofsurfaceplasmonshavetobedistinguish:SurfacePlasmonPolaritons
(SPPs)andLocalizedSurfacePlasmons(LSPs).

Surfaceplasmonpolaritons

Whenelectromagneticradiationcoupleswiththeoscillationsoftheelectronplasma,electro-
magneticsurfacewavesmaybeexcited. Thisisonlypossibleattheinterfacebetweentwo
materialswithoppositesignintherealpartoftheirdielectricfunction(e.g.,ametalandan
insulator).Theexcitedwaveisinthiscasetrappedattheinterface,evanescentlyconfinedin
theperpendiculardirection.TheresultingexcitationsarecalledSurfacePlasmonPolaritons.
Duetotheconfinementoftheradiationinsub-wavelengthdimensions,thefieldisstrongly
enhancedattheinterface.
ThecouplingoflightwithSPPscanbedescribedstartingfromthewaveequation:

∇2E−
ε

c2
∂2E

∂t2
=0. (3.1)

AssumingaharmonicdependenceofthefieldE(i.e.,E(r,t)=E(r)e−iωt)theHelmholtz
equationcanbewritten:

∇2E+k20εE=0, (3.2)

wherek0=ω/cisthewave-vectorofthepropagatingradiationinvacuum. Thesimplest
geometrysustainingSPPsisasingleflatinterface(placedatz=0)betweenadielectric,non-
absorbinghalfspace(z>0)withpositiverealdielectricconstant(εd)andanadjacentconduct-
inghalfspace(z<0)describedbyadielectricfunctionεm(ω)[3].Inthisgeometrypropagating
wavesaredescribedbytheequationE(x,y,z)=E(z)eiβx,withβ=kxbeingacomplexpa-
rametercalledpropagationconstant,correspondingtothecomponentofthewave-vectorof
inthedirectionofpropagation.

Imposingcorrectboundaryconditionsonfields,thesolutionoftheequation(3.2)(together
withtheoneforH)givesthedispersionrelationsofaSPPspropagatingattheinterface
betweenthetwohalfspaces:

β=k0
εmεd
εm+εd

, (3.3)

Thisrelationisvalidforbothcomplexandrealεm,i.e.,formetalswithorwithoutattenua-
tion.Infigure3.1isshownthedispersionrelationsofSPPsforaDrudemetalwithnegligible
dampingatairandsilicainterface.TheSPPexcitationscorrespondtothepartofthedisper-
sioncurveontherightsideofthelightline,thusdirectSPPsisnotpossibleduetothelack
ofanextramomentumandspecialtechniquesareneededforphasematching.Thesimplest
techniquesaretheprismcouplingandthegratingcoupling.

Localisedsurfaceplasmons

SPPsarepropagating,dispersiveEMwavescoupledtotheelectronplasmaofaconductor
atadielectricinterface. WhereasLocalizedSurfacePlasmons(LSP)arenonpropagating
chargedensityoscillationsconfinedtometallicnanoparticlesornanostructures. Whenlight
interactswithmetallicparticlesmuchsmallerthantheincidentwavelength,theelectronsof
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Figure3.1:DispersionrelationsatDrudemetal/air(εd=1)andDrudemetal/fusedsilica(εd=2.25)interface.
Thefrequency(ω)isnormalizedtotheplasmafrequency(ωp).Solidlinesrepresentrealwave-
vectorβ,dashedlinesrepresentimaginarywave-vector.Thelightlines(ω=kc)arealsoshown[3].

ananostructurecancoupletotheelectromagneticfield. Thecurvedsurfaceoftheparticle
exertsarestoringforceonelectrons,sothatresonancesmayarisewhentheparticleisplaced
inanoscillatingEMfield. Theseresonancespromoteafieldenhancementbothinsidethe
particleandinthenear-fieldzonearoundit.IncontrasttoSPPs,LSPscanbeexcitedby
directlight,withoutanyspecialtechnique. Thefrequencyoftheresonancedependsonthe
metal,theshapeandthesizeoftheparticlesandfromthedielectricconstantofthemedium
embeddingthenanoparticles.ForsphericalparticlestheMietheoryallowsafulltreatment
ofthescatteringproblembyasinglenon-interactingsphericalparticle[?,?].However,when
theshapeofaparticlehasnotparticularsymmetriesorwhendealingwithensemblesof
particle,theproblembecomesverycomplex,ageneralanalyticsolutiondoesnotexistand
computationalmethodsbecomenecessary.

3.2.1 Nanoholearray

ANanoholeArray(NHA)isa(metal)thinfilm,whosethicknessusuallyrangesfromsome
tenstosomehundredsofnanometres,havingpassing-throughholesarrangedinan(ordered)
2Darray.Optically,NHAshavetwointerestingfeatures,strictlyrelateonetotheother.The
firstoneistheabilitytocouplephotonstosurfaceplasmonswithouttheneedofaprism,thus
actingasagrating.Thesecondfeatureistheso-calledExtraordinaryOpticalTransmission
(EOT)[?,?,6].InEOT,althoughthethicknessislargerthantheattenuationlengthfor
photons,andtheholesdiameterissmallerthantheλ/2Abbe’slimitfortransmission,light
canpassthroughtheNHAinawaywhichisforbiddenbygeometricaloptics.TheEOTwas
firstobservedbyEbbesenetal.in1998[6]andsincethenhasattractedanincreasinginterest.
ThepropertiesofNanoholeArraysarerelatedtotheirabilitytoefficientlyconvertlightinto
surfaceplasmonsbyprovidingthenecessarymomentumfortheconservationinthecoupling.
Theextraordinarytransmissionprocesscanbedividedinto3phases:thecouplingoflightto
theSPPontheincidentsurface,thetransmissionthroughtheholeandthere-emissionfrom
thesecondsurface.Thus,theEOTresideonthecouplingrelationsonbothsurfaces,andthe
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transmissionmaximumconditioncanbederivedfromtheconservationofmomentum:

ksp =k±mG, (3.4)

whereGx=Gy=2π/a0arethelatticebasevectorsforsquarelatticeandkx=2π/λis
themomentumoftheincidentlight. Forlatticeswithhexagonalsymmetry,themaximum
conditionfornormalincidentlightisgivenby:

λmax=
a0

4

3
(i2+ij+j2)

Re
εmεd
εm+εd

, (3.5)

whereεmandεdarethedielectricfunctionofthemetalandofthedielectricincontactwithit,
andiandjarethescatteringorders.Giventhedispersionofthemetal,itsdielectricfunctionis
notconstant,thereforetherelationmustbeusedexclusivelytogetthemaximumwavelength.
Thisrelationdoesnottakeintoaccounttheshapeoftheholes,thusthelossesattheedgesof
theholesarenotconsideredandmaymodifythepositionofthemaximum.Experimentally,it
hasbeenobserved[?,?]that,duetothiseffect,theresonancesresultslightlyred-shiftedwith
respecttothosepredictedbyeq.(3.5). Moreover,therelationisvalidforasingleinterface.
WhentheNHAisincontactwithasecondsurfacewithadifferentdielectricconstant,the
wavelengthoftheEOTpeakswouldbemodified,andinthetransmittancespectrumtwoset
ofpeakswillarise,oneforeachinterface.Thisistheusualcaseforananoholearrayonglass,
withairattheotherinterface.Thesizeandshapeoftheholeshavealsoanimportantrole
intheextraordinarytransmissionoflight,changingholesshapefromcirculartosquarealso
thetransmissionpatternoftheNHAwillbemodified[?,?]. Theholeshape,indeed,will
affectboththecut-offwavelengthandtheLSPmodesassociatedwitheachhole. However,
theSPPmodesdeterminedbytheperiodicityofthearraydominateinthetransmittance
spectrumformation[?].Oneinterestingfeatureofholearraysisthefactthateachholeonthe
outputsurfaceactslikeanewpointsourceforthelight.Therefore,ifaplanewaveimpinges
ontheinputsurface,thenaplanewaveisreconstructedthroughclassicalinterferenceas
thelighttravelsawayfromtheoutputsurface[?]. Duetothesepeculiaropticalproperties
NHAsarefindingmanypotentialapplicationrangingfromsubwavelengthoptics[?,?,?,?]
andoptoelectronics[?,?,?]tochemicalandbiosensing[?,?,?,?,?]. Thepresence(andthe
abilityofphotoncoupling)ofplasmonicandholesmodesisthekeyinthemodificationof
LocalDensityofOpticalStates(LDOS).

3.3 NanoholeArrayfabrication

Withtherapiddevelopmentinrecentyearsofnano-fabricationtechniques,manydifferent
methodscanbeusedtofabricateNHAsdependingonthesizeregime. Themostcommon
areElectronBeamLithography(EBL)andFocusIonBeam(FIB);bothofthemcanproduce
apertureswitharbitraryshapeandsizedowntofewofnanometersduetothehighresolution.
Nonethelessthemaindisadvantagesofthesetechniquesarethattheyareextremelyexpensive
intermsofbothtimeandcostandthepatternedareaisrathersmall(usuallylessthen1mm2).
ApossiblealternativeisrepresentedbytheNanoSphereLithography(NSL)combinedwith
ReactiveIonEtching(RIE).Inthepresentworkitwasadoptedthisapproach.Thesynthesis
processforthefabricationofNHAswiththesetechniquescanbedividedinthreemainsteps:
(i)self-assemblyofasinglelayercolloidalnanosphereofPolystyreneonthesubstratesurface,
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(ii)reductionofthespheresizebyRIEprocessand(iii)metaldepositionviasputtering
technique.Inthefollowingabriefdescriptionofthesynthesisprocesswillbegiven.

3.3.1 NanoSphereLithography

NanoSphereLithography(NSL)canbeconsideredasaninexpensive,high-throughputself-
assemblytechniquethatproducestriangularlyshapednanostructureswithtypicalsizethat
rangesfromabout20nmto1µm. Oneofthemainadvantagesisthatthepatternedarea
canextendoverseveralcm2orevenmore[?]. NSLwasdevelopedbyVanDuyneandco-
workersandprovidesamethodtofabricatenanoparticlearrayswithatunablelocalizedsurface
plasmonresonance(LSPR)[?,?,?].Itisbasedontheself-assemblyofamonolayerofsize-
monodispersesphericalnanoparticlestoformacolloidalcrystalonthesubstratesurface,
thatinturnisusedasamaskforthemetaldeposition. Manymethodscanbeusedfor
depositionofthenanoparticlesonthesubstratelikespincoating,dropcoating,dipcoating
andthermoelectricallycooledanglecoating. Thechosenmethodisbasedontheworksof
Schatz[?]andusesacolloidalsuspensionofpolystyrene(PS)nanospheresinultra-purewater
andalcohol. Thefirststepisthecleaningofthesubstrateina"Pirahna"solution(a3:1
mixtureofconcentratedsulphuricacidwith30%hydrogenperoxide).Thesubstrateisthen
rinsedwithMilli-Qwateranddriedinastreamofnitrogen.ThesuspensionofPSnanoparticles
andisopropylicalcoholispouredonthecleansubstrateandslowlyimmersedinalargeglass
vesselfilledwith Milli-Qwater. PSparticlesself-assembleatthemeniscusbetweenalcohol
dispersionandwaterbath,theresultingcompactmonolayerfloatsonthewatersurface,and
itiscollectedonthesubstratesurfaceandslowlypulledoutanddriedatroomtemperature.
AstheliquidevaporatesthecapillaryforcespullthePSnanospheretogetherformingaclose-
packedcolloidalcrystalwithhexagonalsymmetrythatisusedasatemplateforthesuccessive
stepsofthefabricationprocess.InFig.3.2(a)isshownasketchoftheSchatz’sNSLtechnique,
whileinFig.3.2(b)aSEMimageofaself-assembledmonolayerofPSnanoparticleswith
diameterd=900nm;itisworthobservingthatthesingledomaincolloidalcrystalextends
overtensofµm2.

(a) (b)

Figure3.2:(a)SchematicrepresentationoftheNLSprocess.(b)SEMimageofaself-assembledmonolayer
obtainedinthepresentworkwithPSnanoparticleswithsized=920nm.
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3.3.2ReactiveIonEtching

ForthefabricationoftheNHAs,thediameterofthePSnanoparticlesofthecolloidalcrystal
hastobereducedkeepingunchangedthelatticepositionofthespherestoobtainonthe
samplesurfacea2Dperiodicnon-closed-packedarrayofPSnanoparticle,thatwillbeusedas
amaskforthesubsequentmetaldeposition. Thereforeanychemicalwetetchingtechnique
hastobeavoidbecauseitwillaltertheperiodicityandtheorderofcolloidalcrystal.Reactive
IonEtching,instead,canreducethenanospheresizewithoutalteringtheirorder. RIEis
awellestablisheddrymicro-andnano-fabricationtechniquethatusesachemicallyactive
plasma;itcombinesthemechanicalerosionfromtheplasmawiththechemicalreactivityof
theionizedspeciesthatreactwiththesubstrateformingvolatileby-products. Theetching
isanisotropicandchemicallyselective,andthegasmixturedeterminestheetchedspecies.
Themostimportantparameterscontrollingtheetchingratearethegascomposition,plasma
energyandworkingpressure.ToreducethePSnanoparticlesizeithasbeenchosentowork
withamixtureofAr(55%)andO2(45%)gasatapressureof4×10

−2mbarwithanapplied
powerof25 W.Fig.3.3(a)showsthenanospherediameter(initialsized0=(720±5)nm)asa
functionofetchingtime.Thetrendismonotonicbutnonlinearsincetheetchingdirectionis
perpendiculartothesamplesurfaceandproducesnanoparticleswithacharacteristicdouble-
lensshape(seeSEMcrosssectioninFig.3.3(b)). Aparabolicfunction(reddashedlinein
Fig.3.3)fitswelltheexperimentaldata.Thus,theNHAholesizecanbeeasilytailoredacting
ontheetchingduration.

(a) (b)

Figure3.3:(a)EtchingrateforPSnanosphereswithd=720nm.Theexperimentaldatewerefittedwitha
parabolicfunction(reddashedline).(b)SEMcrosssectionimageofanetchedself-assembled
monolayerofPSNPswithd0=720nm.RIEduration:22min.

3.3.3 Metaldeposition

Oncethe2DperiodicarrayofPSnanoparticleshasbeenobtained,ithasbeenusedasatem-
plateforanoblemetaldeposition.Themetalwilldepositbothonthetopofthenanoparticles
andonthesurfaceofthesubstrate,inthegapregionbetweentheetchedspheres.Thenoble
metaldepositionwasperformedbymeansofadirectcurrent(DC)sourceofamagnetron
sputteringsystem. ThesampleholderwasplacedinfrontoftheDCsource,paralleltothe
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surfaceofthetargetinordertohaveacollimatedsputteredatomfluxthatcanreplicatethe
patternoftheetchedmask. Thepowerofthesourcehastobekeptaslowaspossibleto
avoidtheheatingofthesampleandthusthemeltingofthePSnanoparticles.Afterthefilm
deposition,thePSnanospherescanremovedbyultrasoundsonicationintoluene,leavinga
metallicnanoholearrayonthesamplessurface. Asanexample,Fig.3.4(a)showsaSEM
imageofagoldNHAobtainedfromPSnanoparticlewithadiameterd=920nm,theRIEpro-
cesshasbeencarriedoutinAr+O2atmospherefor40minandthedepositedmetalthickness
ist=120nm.Itisworthnotingthatthedefect-free2Dperiodicholearraywithhexagonal
symmetryextendsoverseveralµm2.Fig.3.4(b)reportsthetransmittancespectraatnormal
incidenceofthreegoldNHAswithdifferentlatticeparameters(a0=722,920,1340nm);the
broadpeakintheNIRregionassociatedwiththe(1,0)BraggresonanceEOTisfunctionof
thelatticeparameter,anditswavelengthmaximumcanbetailoredsimplybychoosingthe
properdiameterofPSnanoparticles(d=a0).

(a) (b)

Figure3.4:(a)SEMimageofagoldNHAwitha0=920nm.(b)Opticaltransmittancespectraatnormal
incidenceofAuNHAsonsilicasubstratewithdifferentlatticeparameters(i.e.,a0=722,920and
1340nm).

3.4FiniteElement Methodsimulations

Sinceatheoreticalmodelthatpredictsthevariationoftheemissionpropertiesofanemitter
closetoaNHAhasstilltobedeveloped,finiteelementsmethod(FEM)simulationswere
usedtobothpredictthelifetimevariationandgainmoreinformationaboutthenear-field
oftheemitter,otherwisenotaccessiblewithexperimentalmethods.FEMsimulationswere
performedwiththecommercialsoftwareCOMSOL Multiphysics4.3b[?]inthefrequency
domain(FiniteDifferenceFrequencyDomain(FDFD)).Simulationshavebeencarriedout
consideringonedipoleatatime.Thesignalfromanarbitrarydistributionofdipolesandtheir
variationsofdecayrateswerethenrecoveredbyintegratingtheresultsfromdifferentlyplaced
dipoles.Forthispurposethecommonapproachusedforthesimulationofperiodicallyordered
structures,consistinginthemodellingofaunitcellwithperiodicboundaryconditionswas
notsuitableEr:SiO2-NHAgeometry.Thisapproach,indeed,wouldgenerateamirrordipolein
eachcell,thusthesimulationwoulddescribeasystemwheredipoleshavethesameperiodicity
ofthenanostructure,whichisnotthecase.Thealternativeistoextendthesimulationdomain
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toincludeseveralunitarycellstogether,usingPerfectlyMatchedLayer(PML-anadditional
(artificial)domainthatabsorbstheincidentradiationwithoutproducingreflections)atthe
boundariestosuppressbackscattering. Forthecorrectimplementationofthemodel,the
minimumsizeofthedomainhastobetheonethatensuresthatnear-fieldfromthedipole
emissionvanishesbeforereachingtheboundaries.
Asafirststep,theeffectofasemi-infinitefilmhavebeenmodeledtodeterminethedomain
minimumsizeandtovalidatethemethodusingasabenchmarktheelectrodynamicalderiva-
tionproposedbyChanceetal.[62],anddiscussedinthesection2.4. Asimulationdomain
surroundedbyasphereofradius(R∼3λem)wasfoundtobeenoughforthecorrectmodelling
oftheemitterlifetimevariationincloseproximityofaninterface,asitwillbeshowninthe
following. TosimulateanEr-likeemitter(λem=1540nm)interactingwiththefilm,thedo-
mainhavebeendividedintotwohemispheres,onerepresentingthesilicamatrix,theother
representingthefilm. Theinterfacehasbeenplacedatthez=0plane. Dipoleshavebeen
placedsothattheirprojectionontheinterfaceplanefallsinthecenterofthesimulatedsphere
(x=0,y=0).Thezcoordinateofthedipoles(i.e.,thedistancefromtheinterface)havebeen
variedfrom1nmto1000nm.

Figure3.5:Comparisonbetweensimulation(Sim)andCPSmodelforthevariationofthenormalizeddecay
rateofanEr-likeemitter(λem=1540nm)asafunctionofthedistancefromagoldfilm.

Foreachzposition,thedecayrateforadipolewithparallel(γp)andperpendicular(γt)
orientationwithrespecttotheinterfacewascalculated. Thenormalizeddecayratewas
evaluatedintegratingthePoyntingvector(S)onaclosedsurface(Σ)encirclingthedipole
anddividingbythedecayrate(γr0)calculatedwithouttheinterface(ε1=εSiO2=2.085):

γr

γr0
= ΣSdσ

ΣS0dσ
(3.6)

InFig.3.5theresultingvaluesofγtandγpareplottedasafunctionofthedistancefroma
goldfilm(ε2=-116.91+9.73i).Thesimulatedvariationofthedecayrate(redline)forboth
orientationsisinperfectagreementwiththeresultobtainedbytheCPSmodel(blackline),
thusvalidatingthesimulationparameterschosenforthemodellingofemitter-filminteraction.
TotakeintoaccounttheErdistributioninthezdirectiontypicalfortheEr:SiO2co-sputtered
films,theproceduredescribedinsection2.4hasbeenused,leadingasexpectedtothesame
calculatedlifetimevalues.
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Thesimulationsoftheemitter-NHAinteractionhavebeencarriedoutinananalogousway.
Inthiscase,thewholesimulateddomainisconstitutedbysilica(c.f.section3.5.1),exceptfor
theNHAfilmextendingintheXYplane,andcentredatz=0,asshownbyFig.3.6.Unlike
thefilmgeometry,thetranslationalinvarianceintheXYplanedoesn’tholdanymoreandit
hastobereplacedwiththeperiodicHoneycomblatticeresultingfromtheNSLprocess.As
alreadydiscuss,theperiodicboundaryconditionscannotbeusedforthecorrectevaluation
ofthedecayvariationduetothereplicationoftheemitter.Thus,19XYunitcellshavebeen
modelled,inordertoobtainthedomainsizedeterminedforthefilmgeometry.Becausethe
periodicityofthelattice,thebehaviouroftheemittercanbesampledinoneunitarycellonly.
Moreover,duetothesymmetriesinx̂and̂ydirection,thehexagonalunitcellcanbereduced
toonlyaquarter,asshownbyFig.3.7(a).

(a) (b) (c)

Figure3.6:WireframeviewsoftheNHA-emitterinteractionmodel:XYtopview(a),YZcrossmodel(b),
XYZ3Dview(c)

Figure3.7:(a)Constructionofthe Wigner-Seitz(WS)cell. Dashedlinesrepresentthesymmetryplanes;
blacklineisthe WScell;redlineencirclesthesampledcellexploitinglatticesymmetriesandx̂
andŷsymmetries.(b)Samplinggridintheminimalcell:27points. Pointsontheedgesand
verticeshaveacoefficientcij<1inaverages.

Oncetheminimumcellhasbeendefined,foreachzvalueagridwith27pointsrepresenting
thedipolepositionintheXYplanehavebeendefinedaccordingtoFig.3.7(b),tosample
asaccuratelyaspossiblethewholecell. Moreover,foreachpositionintheXYplane3
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Figure3.8:Simulatedγ(z)asafunctionofthedistancefromaAuNHAforanEr-likeemitter(γ0=70s
−1

(dashedline),λem=1540nm)placedatdifferentpositionsintheXYplane.Thecolorgradient
representstheprojecteddistance(r= x2+y2)formthecentreofthehole. NHAlattice
parameterisa0=1030nm,holediameterd=600nmandmetalthicknesst=120nm.

differentdipoleorientationhavetobetakenintoaccount,sinceinadditiontotheperpendicular
orientation,theparallelonehastoconsideredalongx̂andŷtheaxesoftheNHA.Thus,
whentheemittershaveanisotropicorientationconfigurationthedecayratebecomesγiso=
1/3(γt+γpx+γpy).Asanexample,Fig.3.8showsthedecayrate(γiso)forthe27positionsof
anEr-likeemitterasafunctionofthedistancefromaNHAwithlatticeparametera0=1030
nm;theblacklinerepresentsthedipoleatthecenterofthehole.Thecolorsareaslighteras
theprojecteddistance(r= x2+y2)fromthecenteroftheholeincreasesandthevariation
ofthedecayratebecomesmoreprominentforsmalldistancesfromtheNHA.Asacomparison,
thebluerepresentstheresultobtainedintheplaneAufilmcase.Furthermore,itisworth
notingthatintherange0<z<λem/2therearetworegionsatz∼200nmandz∼600nm
wherethemodificationofthelifetimeisalmostinsensitivetothepositionoftheemitterin
theXYplane.
Toaveragedipoleemissioninthiscase,theequation2.13mustberewrittenconsidering
thedifferencesgivenbytheXYpositionoftheemitter.Theintegralisstillpresentinthêz
direction,whileintheXYplane,theintegrationissubstitutedbyasumoverthe27emitter
positionssampledintheminimumcellanddenotedbythecoupleofiandjindices:

IPL(t)=I0A
i,j

cij
+∞

0
f(xi,yj,z)e

−γiso(xi,yi,z)tdz, (3.7)

wherethecoefficientscijaccountforthenormalizationofthepointssharedbyadjacentcells
andA=1/ ijcijisaglobalnormalizationfactor.

3.5Er-NHAinteraction

ThepresenceofananostructureincloseproximitytoErionscaninprinciplebothenhance
orquenchthecharacteristicemissionat1540nm.Ithasbeendemonstratedthatwhena
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plasmonicnanoparticlesisclosetoanemittertwocompetitivemechanismstakeplace:the
near-fieldenhancementandthereductionofthequantumefficiencyduetoenergytransferto
thenanostructure. Conversely,duetothelackofadevelopedtheoreticaldescriptionofthe
phenomenon,theinfluenceofaNHAtheemissivepropertiesofopticallyactivespecieshas
stilltobedeeplyinvestigated. TothispurposeinthepresentsectionthevariationofEr3+

lifetimeat1540nmwillbeinvestigatedbothexperimentallyandwithcomputersimulation
asafunctionofthedistanceandtheNHAopticalproperties.

3.5.1Samplesynthesis

TheEr:SiO2thinfilmsweredepositedon2.5×2.5cm
2silicasubstrate(HSQ300byHeraeus)

bymeansofamagnetronco-sputteringsystem.Inadditiontothehighcontroloverboth
thefilmthicknessandthedopantconcentration,sputteringdepositiontechniqueoffersthe
possibilitytodepositundopedsilicaontopoftheEr:SiO2filminasingleprocess,thusthe
distancebetweentheErdopedlayerandthesamplesurfacecanbefinelytailored. Before
thedeposition,silicasubstrateswerecleanedina“piranha”solution(30%H2O2,70%H2SO4)
for20minandcopiouslyrinsedwith Milli-Qwater(18 MΩresistivity). TheRF-powerto
the2in.diametersilicatargetwasfixedat250 WwhiletheDCpowertotheErbium2
in. diametertargetwas3 WforobtaininganErconcentrationof1.0%at.(determined
byRBSmeasurement). Duringthedepositions,thesampleholderwasrotatedtohavea
goodhomogeneityofthefilmcompositionandthickness.ForallthesamplestheEr:SiO2film
thicknesswas20nm,whilesilicaspacerswiththreedifferentthicknesses(tSiO2)weredeposited
ontop,correspondinglythesampleswerelabelledasA10(tSiO2=10nm),A30(tSiO2=30nm)
andA100(tSiO2=100nm). Thesampleswerethencutinthreepieces,onewasleftasa
reference,ontheothertwoAuNHAswithtwodifferentlatticeparameterwerefabricated
(a0=1030and1280nm).Thereferencesampleswereannealedat900℃for2hoursinvacuum
andtheEr3+lifetime(τ)wasdeterminedviaPLmeasurementsunderresonantexcitationat
λ=488nmatroomtemperature.Themeasuredτvalueswere11.8,11.7and10.6msforthe
samplesA10,A30andA100,respectively.Asalreadydiscussed,thelifetimevariationhasto
beattributedtothedifferentdistancesoftheEr:SiO2filmfromtheairinterface(i.e.,surface
ofthesample). Withtheproceduredescribedinsection2.4.1thenon-radiativedecayrate
(Γnr0)wasdeterminedtobe(32±3)s

−1.

TheNHAswerefabricatedonthesurfaceofthenot-annealedsampleswithincreasing
silicaspacerwithacombinationofNSLandRIEtechniques,asdescribedinsection3.3.PS
nanoparticleswithdiametersof1030nmand1280nmwereusedfortheNSL.RIEtreatment
wasperformedtoreducethediameterofthePSnanospheres,retainingtheiroriginalordered
latticearrangement. Theetchingtimehavebeenset43minand48minforthe1030nm
and1280nmsphere,respectively.Theradiusoftheetchednanospheres(andthustheradius
oftheobtainednanoholes)wasreducedbyafactorabout2/3fromtheoriginalsize. After
theetching,agoldfilmlayer120nmthickhasbeendeposedbyDCsputteringontheNSL-
patternedsurface. Finally,thePSnanosphereswereremovedbyultrasoundsonicationin
toluene,leavingagoldnanoholearrayonthesamplessurface. Thesampleswillbelabeled
followingthenotationusedforthereferencesampleswiththeadditionoftheNHAlattice
parameter(i.e.,sampleA30-1030,hasasilicaspacer(distancebetweenEr:SiO2andNHA)
of30nmandAuNHAwitha0=1030nm). Topreventshapemodificationduringthe900
℃ annealingnecessaryfortheEr3+PLactivation,a400nmthicksilicafilmwasdeposited
ontoponoftheNHAs.InFig. 3.9(b)areshownthetransmittancespectraatnormal
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(a) (b)

Figure3.9:(a)AFMtopographyofthesampleA100-1030afterthesilicadepositionandtheEr3+activation
annealing.Theimagehasbeenacquiredinasemi-contactmodebymeansofaNT-MDTSolver-
ProAFM.(b)OpticaltransmittancespectraatnormalincidenceforthesampleA30-1030and
A30-1280beforeandafterthesilicadepositionandtheannealing. Theverticaldashedlines
indicatetheEr3+excitationandemissionwavelengths,inblueandredrespectively.

incidencefortheA30-1030andA30-1280samplesbeforeandafterthesilicadepositionand
the2h900℃annealinginvacuum.Thesilica-cappedsamplesshowablue-shiftoftheEOT
peakwithasignificantincreaseofthemaximumtransmittance. Thesetofsampleswith
a0=1030nmexhibita(1,0)BraggresonanceEOTpeakmaximumthatmatchestheEr

3+

characteristicemissionwavelength(λ=1540nm),whileforthea0=1280nmsamplestheEOT
peakisshiftedtolargerwavelengths.Itworthnotingthatdespitethemulti-stepsynthesis
process,nodifferenceinthetransmittancespectraweredetectedbetweensampleswiththe
samelatticeparameter,showingthegoodreproducibilityofthenano-fabricationprocess.Fig.
3.9(a)showsanAFMtopographyoftheA100-1030sampleafterthesilicadepositionandthe
Er3+activationannealing,itisinterestingnotingthatdespitethethicksilicafilm(t=400nm)
thesurfaceofthesampleisstillpatternedwiththeNHAgeometry.

3.5.2PLmeasurements

TocharacterizetheEr3+luminescentemissionpropertiesofthesamplesandinvestigatethe
interactionmechanismsbetweentheErionsandAuNHAs,photoluminescence(PL)mea-
surementswereperformed(bothintegratedandtime-resolved)atroomtemperatureusing
resonant(λ=488nm)andout-of-resonance(λ=476.5nm)Erexcitationconditions.ACWAr
laserwasusedasexcitationsource.Thelaserlineswereselectedbyinterferencefilters.The
experimentalset-upisdescribedinsection1.3.1.

UnderresonantexcitationnodifferenceinthePLpeakpositionorshapeweredetected.Fig.
3.10reportsthePLdecaycurvesatλ=1540nmofthetwosetsofsampleswithdifferentNHA
sizeandthereferencesampleA30. Allthesamplesarecharacterizedbysingleexponential
decaythathasbeenfittedwiththefunctionIPL=I0exp(−t/τ)todeterminetheErlifetime.
WithbothNHAlatticesizeasignificantreductionoftheErlifetimeat1540nmhasbeen
observed.TheirreductionisafunctionofthedistancebetweentheEr:SiO2filmandtheNHA
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andtheeffectishigherasthedistancedecreases.Thetransmittancespectraweremeasured
atnormalincidencewithrespecttotheNHAplane,whiletherareearthemissioninaglassy
matrixisingeneralangularlyisotropic,thereforeitisdifficulttoestimateapriorithematching
oftheEOTpeakwithEr3+emissionwavelength. Nonetheless,itisinterestingnotingthat
asthedistancedecreases,thesampleswith(1,0)BraggresonanceEOT matchingtheEr
emissionatnormalincidenceexhibitastrongershorteningofthelifetimeascomparedtothe
NHAwitha0=1280nm(λEOT=2020nm),andparticularlythesampleA10-1030,whichshows
theshortestlifetimewithareductionbyafactor2.5withrespecttothereferencesample.No
PLintensityhasbeendetectedundernon-resonantexcitation(λ=476.5nm),indicatingthat
intheabsorptionofexcitingradiationnoenergytransfermechanismoccurredbetweenthe
nanostructuredgoldfilmandErions.

Aninterestingfeatureforpossiblephotonicapplications(e.g.opticalplanaramplifiersor
filters)arisingfromthepeculiarNHAopticalpropertiesisthatthePLsignalcanbedetected
frombothsidesofthesample.CollectingthesignalthroughtheNHA,itcanactasafilter
selectingonlythewavelengthsmatchingtheEOTpeaks.Therefore,sincebothsamplesexhibit
asignificanttransmittanceatλ=1540nm,thePLtimeresolvedspectraweremeasuredalso
collectingthelightthroughtheNHA.Nodifferenceinthelifetimehasbeendetectedwith
respecttodetectionfromthefront,indicatingthatEr3+PLdynamicsisthesamewhether
theemittedradiationcouplesdirectlyinthefar-fieldradiationoritisfirstcoupledwiththe
NHAsurfaceplasmonsandthencoupledoutintofar-fieldradiation.

(a) (b)

Figure3.10:RoomtemperaturePLdecaymeasurementsat1540nmperformedunderresonantexcitation
conditionsofthetwosetsofsamples:NHAwitha0=1030nm(a)anda0=1280nm(b).In(a)
and(b)theblackcurveisthereferencesampleA30.

3.5.3Effectivemediumapproximation

Thefirstattempttofindamodelthatpredictsthemodificationoftheradiativeproperties
ofanemitterincloseproximitytoaNHA,hasbeencarriedoutfollowingtheCPSmodel
usedforthefilmgeometryanddescribingtheNHAasaneffectivemedium(EMA).Since
thedielectricfunctionoftheNHAcannotbeexperimentallydeterminedwithellipsometric
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measurementsduetothecomplexityofthepatternedsurface,apossiblesolutioncouldbe
representedbytheeffective mediumapproximation. Thedielectricfunctionofsputtered
andannealedgold(εAu=-116.913+i9.73525)andsilica(εSiO2=2.085)wereindependently
characterizedandthreedifferentformulationfortheEMAwereevaluated. Thesimplest
modelisthesocalledNewtonformulathatconsistsinalinearcombinationofthetwodielectric
functionsweighedwiththevolumetricfractionofthetwomaterials(fSiO2andfAu=1-fSiO2),

theeffectivedielectricfunction(εeffCL)isgivenby:

εeffCL=fSiO2εSiO2+fAuεAu. (3.8)

AmoreaccuratedescriptioncanbegivenbytheMaxwell-Garnettformulationoftheeffec-
tivemediumapproximation,whereεeffM−Gisgivenby:

εeffM−G−εAu

εeffM−G+2εAu
=fSiO2

εSiO2−εAu
εSiO2+εAu

. (3.9)

Analternativemodeltocalculatetheeffectivedielectricfunction(εeffB )fortopologywith
densemixingofthetwomaterialsistheBruggemannformula:

fAu
εAu−ε

eff
B

εAu+2ε
eff
B

=−fSiO2
εSiO2−ε

eff
B

εSiO2+2ε
eff
B

. (3.10)

ThemetalandsilicavolumetricfractionsarefunctionoftheholesizeandforbothNHAs
understudyweredeterminedtobefSiO2=0.31andfAu=0.69.Independentlyoftheconsidered
model,onemayimmediatelyobservethattheopticaltransmittanceoftheNHAscannotbe
predictedsincetheperiodicityofthelatticethatdeterminestheEOTwavelengthcannotbe
takenintoaccount.AtEr3+emissionwavelengththeeffectivedielectricfunctionscalculated
withNewton, Maxwell-GarnettandBruggemanformulaare-80+i6.72,-31.65+i2.83and
-60.62+i5.21,respectively.Again,thedifferenceintheEr3+lifetimesobtainedwiththetwo
NHAscannotbecorrectlypredictedwiththeEMA;indeed,applyingtheCPSmodeltothe
twosetofsamples,thelifetimeshorteningisalwaysoverestimatedbyafactor2-3dependingon
theeffectivedielectricfunction.Inconclusion,neitherthefar-fieldnorthenear-fieldoptical
propertiesoftheNHAscanbeevaluatedwiththeeffectivemediumapproximation,hence
FEMsimulationhavebeenimplemented.

3.5.4ComparisonbetweenexperimentalresultsandFEMsimulations

TobetterunderstandtheinteractionbetweenEr:SiO2thinfilmsandNHAs,FEMsimulation
werecarriedoutandcomparedwiththeexperimentaldata.Asafirststep,thefar-fieldproper-
tiesofamodeledgoldNHAsonsilica(withoutanyemitterincloseproximity)werecompared
withopticaltransmittancespectraobtainedwithasetof5differentexperimentallyfabricated
NHAswithdifferentlatticeparameters(a0). Theholeradiusandthemetalthicknesswere
determinedviaSEMandAFMmeasurementstoensurethecorrespondenceoftheNHAgeo-
metricalparameterswiththesimulatedmodel.Table3.1reportsthewavelengthofthe(1,0)
BraggresonanceEOTpeakandtherelativetransmittanceat1540nm(TR=T1540nm/Tmax).
IngeneralgoodagreementbetweenexperimentaldataandFEMsimulationcanbefound,
althoughitisworthtounderlinethatthesimulatedtransmittancespectrahaveanarrower
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Table3.1:GoldNHAfar-fieldopticalproperties:geometricparametersandmeasuredandsimulatedEOT
wavelengths.Thesimulatedwavelengthrangeis300–1800nm.

Latticeparameter(a0) HolesradiusR λexpmax λsimmax TR
[nm] [nm] [nm] [nm]

722 240 1170 1240 0.22

920 260 1385 1400 0.63

1030 300 1570 1520 0.97

1280 375 2020 >1800 0.55

1340 400 2142 >1800 0.12

EOTpeakssincetheexperimentalsampleshaveadistributionofdomainorientationsover
theinvestigatearea(∼1cm2).

TocomparethevariationoftheEr3+lifetimeobtainedbyFEMsimulationswiththetwo
setofsamplesdescribedabove,theapproachalreadydiscussforthefilmgeometryhasbeen
implemented. ThetwoNHAgeometry(a0=1030nmanda0=1280nm)weremodelledon
theexperimentallymeasuredgoldthickness(t=120±3nm)andholesize(∼0.6×a0).Tofind
outthetotaldecayrateΓtot,andhastoaddtothecalculatedradiativedecayrate(ΓrFEM),
obtainedbyfittingthefirst20msoftheequation3.7withasingleexponentialfunction,the
non-radiativedecay(Γnr0)duetonotfullyrecoveredErionscoordinationinthesilicamatrix
inthefollowingway:

Γtot=ΓrFEM+Γ
nr
0 (3.11)

SincethepresenceoftheNHAarraydonotalterthelocalErenvironmentorinducesadditional
defectsinthematrix,itisreasonabletoassumethatΓnr0 donotchangefromtheoneobtained
fromthereferencesamplesandthereforeforalltheevaluatedsamplesitwasassumedtobe
32s−1.Thecalculatedlifetimethereforecanbeexpressedinthefollowingway:

τcalc=
1

ΓrFEM+Γ
nr
0

(3.12)

InTable3.2thecalculatedlifetimesarecomparedwiththeexperimentallymeasuredones,
andanalmostperfectagreementcanbeobserved,provinghowtheimplementedmodelaccu-
ratelypredictthelifetimemodificationsofemittersduetothecouplingwithnanostructured
noblemetalfilm.

Table3.2:Er3+lifetimeat1540nm. Comparisonbetweentheexperimentallymeasuredandthesimulated
lifetimevaluesforthetwoAuNHAs.Lifetimeofthereferencesampleisalsoreported.

Sample Reference NHAa0=1030nm NHAa0=1280nm
τexp[ms] τsim[ms] τexp[ms] τsim[ms] τexp[ms]

A10 11.8 5.5 4.5 6.1 5.9

A30 11.7 5.8 5.7 6.4 6.6

A100 10.6 7.0 7.2 7.1 7.2

ItisnowpossiblegainmoreinformationonhowtheenergyradiatesawayfromErions
interactingwithnoblemetalNHA.ForthispurposetheradiativeefficiencyofaEr-likeemitter
placedatz=50nmwascalculatedviaFEMsimulation. Neglectingthenon-radiativedecay
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rateinthebulksilica,thefar-fieldradiativeefficiency(qF)isdefinedastheratiobetweenthe
powerradiatedinthefar-field(Pff)andthetotalpower(Ptot)emittedfromadipole:

qF=
Pff
Ptot

=
γr

γr+γnr
(3.13)

wherePffistheintegralofthePoyntingvectoroverthesphereencirclingthesimulated
domainandγnrinthiscasetakesintoaccountthelossesinthemetal. Table3.3liststhe
computedradiativeratesforairinterface,opticallythick(t=200nm)goldfilmandcompared
withthoseobtainedforadipoleplacedatthecentreoftheholeofNHAswitha0=1030nm
anda0=1280nm.Thethreedifferentdipoleorientationwithrespecttotheinterfacehaveto
beconsideredandtheradiativefar-fieldefficiencyforanisotropicdipoledistribution(qisoF )
cancalculatedby:

qisoF =
γxr+γ

y
r+γzr

γxtot+γ
y
tot+γ

z
tot

(3.14)

Table3.3:Computedfar-fieldradiativeefficiencies(qF)ofanEr-likeemitterclosetoanoverlayer. Com-
parisonbetweenair,goldfilmandAuNanoholeArrayswitha0=1030nmanda0=1280nmare
presented.Thedipoleisplaced50nmbelowtheoverlayerandintheNHAcaseatthecentreof
thehole.Threedifferentorientationtogethertheisotropicorientationdistributionwereevaluated.

Dipole Air Aufilm(t=200nm)
orientation Forward Backward Total Forward Backward Total

X 0.167 0.833 1 0 0.52 0.52

Y 0.167 0.833 1 0 0.52 0.52

Z 0.126 0.874 1 0 0.34 0.34

ISO 0.159 0.841 1 0 0.368 0.368

Dipole NHAa0=1030nm NHAa0=1280nm
orientation Forward Backward Total Forward Backward Total

X 0.42 0.56 0.98 0.43 0.55 0.98

Y 0.42 0.56 0.98 0.43 0.55 0.98

Z 0.25 0.75 1 0.23 0.76 0.99

ISO 0.363 0.623 0.987 0.36 0.623 0.983

It’sworthhighlightingthatthefar-fieldradiativeefficiencyforbothNHAsiscloseto100%,
indicatingthattheEr3+emissioncanbeefficientlyenhancedwithoutalmostanylossinthe
overlayer(<2%).Thecomparisonwiththefilmgeometryshowsthatthefar-fieldemissionis
increasedbyafactorabout2.5;thiscanbeattributedtotwomaineffects:theNHAconfigu-
rationreducessignificantlythecouplingwithlossymodesandtheSPPmodespropagatingon
themetal-dielectricinterfacecanbere-emittedasphotonsinthefar-fieldduetothe2DNHA
periodicity,whichinthefilmconfigurationisnotpossibleduetothelackinthemomentum.
Furthermore,theNHAspermitanefficientforwardemissionthatisincreasedby2to3fold
withrespecttotheairinterface,wherethehigherdielectricconstantdrivestheemissionin
thesilicahalf-space.TheefficiencydoesnotvaryappreciablybetweenNHAscharacterisedby
EOTresonantandnon-resonantwithEr3+emissionwavelength.Ononehand,thissuggests
thateveninresonancethestrongcouplingdoesnotmeanlargelossesduetotheplasmondecay
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inthemetal;ontheotherhand,thisopensthepossibilitytocombinein-resonanceandout-
of-resonanceNHAstogetsmartexcitation-emissionconfigurationswithoutlosingefficiency.
qFhasbeenalsocalculatedfordipolesplacedindifferentpositionsofthe Wigner-Seitzcell,
andvariationoftheefficiencywasfoundtobenegligiblesincethecomputedvaluesforallthe
positionsarewellabovethe90%,indicatingthatthepositionoftheemitterintheXYplane
doesnotinfluencetheefficiencyofthesystem,thusinthedesignofadevicetheefforttoplace
theemittingspeciesjustundertheholeoftheNHAtoavoidlossesisuseless.

(a)SiO2 (b)Air

Figure3.11:Poweroutflowasafunctionoftheangleevaluatedattheouteredgesofthesimulateddomain
foranEr-likeemitterembeddedinsilica(a)andplaced50nmbelowanairinterface(b).The
polarizationindicatesthedirectionalongwhichthedipoleoscillates.

AninterestinginformationderivablefromFEMsimulationsistheangle-resolvedfar-field
radiationpatternofanemitterplacedunderdifferentoverlayers. Fig.3.11showshowthe
radiationpatternisinfluencedbytheproximityofthesurfaceofthesample(i.e.,50nmbelow
theairinterface).Duetothehigherrefractiveindex,theemissionisdeformedforalldipole
orientationstowardsthesilicahalf-spaceandjustasmallfractionexitsintheuppersemi-space.
InFig.3.12theemitterisplaced50nmbelowchromiumandgoldoverlayers,comparingthe
radiationpatternsitcanbeobservedthatparallelorientationswithrespecttotheinterface
(XandY)arealmostinsensitivetothenatureofthemetal,whiletheperpendicularoneis
remarkablyenhancedbythepresenceofanoblemetalduetothecouplingwithSPPmodes.
Anyemissionintheupperhalf-spaceissuppressedbecauseofthecompleteabsorptionofthe
photonsbythemetalfilm.
Thegreatadvantageoftheemitter-NHAcouplingcanbeunderstoodfromFig.3.13,where
theemissionpatternoftheEr-likedipoleatthecentreofthehole,50nmbelowthegold
nanostructureisshownforthetwolatticeparametersexperimentallyexplored. Thepower
outflowisstronglyenhancedforallthepolarizationsandtheemittedlightcanbecollected
frombothsides.Interestingly,fortheNHAwitha0=1030nmwheretheEOTpeakisresonant
withtheEremissionwavelength,thepoweroutflowoftheemittersorientedperpendicularlyto
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(a)Aufilm(t=200nm) (b)Crfilm(t=200nm)

Figure3.12:Poweroutflowasafunctionoftheangleevaluatedattheouteredgesofthesimulateddomain
foranEr-likeemitterplaced50nmbelowa200nmthickgold(a)andchromium(b)film.The
polarizationindicatesthedirectionalongwhichthedipoleoscillates.

(a)AuNHA(a0=1030nm) (b)AuNHA(a0=1280nm)

Figure3.13:Poweroutflowasafunctionoftheangleevaluatedattheouteredgesofthesimulateddomain
foranEr-likeemitterplacedinthecentreofthehole,50nmbelowaAuNHAwitha0=1030
nm(a)anda0=1280nm(b). Thepolarizationindicatesthedirectionalongwhichthedipole
oscillates.FortheAufilmthepoweroutflowofzorientationhasbeenhalvedtofitthescale.
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theinterfaceismuchhigherthanintheNHAwitha0=1280nm,duetothestrongercoupling
withSPPmodes.

3.6 Conclusions

IthasbeendemonstratedthatacombinationofNSLandRIEcanbeusedasaversatileand
highthroughputnanofabricationtechniquetoproducehighlyorderedNHAsonanareamuch
largerthantheoneobtainablewithEBLorFIB.Theopticalpropertiescanbeeasilytuned
actingontheself-assemblingPSnanoparticlesize,RIEdurationandmetalthickness.Thus,
itwaspossibletotailortheEOTpeakandmakeitresonantwithEr3+emissionwavelength.
Fromtheevaluationonhowtheproximityofaresonantandnon-resonantNHAinfluencethe
lifetimeofthecharacteristicemissionat1540nm,ithasbeenfoundoutbothexperimentally
andwithFEMsimulationsthatasthedistancedecreasestheshorteningofthelifetimeis
enhanced. Moreover,theresonantcouplingoftheemitterswithnoblemetalNHAsyields
astrongerenhancementoftheemissionespeciallyforshortdistances.Simulatedradiation
patternsdemonstratethatefficientcouplingbetweenEremissionat1540nmandSPPmodes
onNHA-dielectricinterfacecanbeobtainedespeciallywhentheEOTpeakisresonantwith
theemittedradiation.Contrarytothefilmcase,thecomputedquantumefficiencyshowsthat
theenhancedemissionfromErionsisnotmodulatedbyalargeabsorptioninthemetal,thus
thehigherphotonfluxisinprinciplealmostentirelyavailableinthefar-field.Inconclusion,
theenhancementoftheradiativeemissionwithnegligiblelossesinthenanostructure(less
than5%)togetherwiththeabilityofcollectlightfrombothsidesofthedopedfilm,makes
NHAverypromisingforrealizationofnewphotonicdevices.





4Er3+luminescenceenhancementby
interactionwithAusub-nanoclusters

4.1Introduction

StronglimitationstotherealizationofefficientEr-basedoptoelectronicdevicesarerelatedto
thesmallcross-sectionforErexcitation,whichistypicallyoftheorderof10−21−10−19cm2,
dependingonthematrix[8,9,18]. Theinteractionwithsensitizingspeciestoenhancethe
Erpumpingefficiencyrepresentsapossiblesolutiontothisproblemanddifferentapproaches
havebeenexploredintheseyearsusingotherrare-earths[19–21],siliconnanocrystals[22–27],
organiccomplexes[28–32]ormetallicnanostructures[33–39].Concerningmetallicnanoclus-
ters(NCs),recentworkshavedemonstratedthatultra-smallmolecular-likeAunanoclusters
(madeoflessthan20atoms)actasveryefficientsensitizersfortheEremissionandthe
dominantpumpingmechanismfortheErionswasdemonstratedtobeanon-resonantenergy-
transferprocessmediatedbythebroad-bandinterbandabsorptionofthesub-nanometerAu
clusters. TheabsorbedenergyisthenpartiallytransferredtoanearbyErionthatsubse-
quentlyde-excitesradiativelyat1.54µm. Plasmonicfieldenhancementeffectsduetothe
metallicnanoparticlesaswellasapossibleroleofimplantation-induceddefectsontheEr
sensitizationprocesshavebeenalsoruledoutin[38,39,72].

However,theenergy-transferisacomplexprocessthatisexpectedtodependonavarietyof
factors,involvingtheAuclusters(sizedistribution,numericaldensity,clusterstructure),the
Ersiteandthematrixstructure.Inaveryrecentwork,bystudyingtheluminescenceprop-
ertiesofmolecule-likeAunanoclustersobtainedbyionimplantationinsilicaitwassuggested
thattheprocessistriggeredbytheformationofanAu-relatedluminescenceband,resonant
withthecorrespondingEr3+absorptionlevel,thatactsasapreferentialde-excitationchannel
throughwhichtheenergyistransferredfromtheAuNCstotheErions.[73]Nevertheless,
severalaspectsarestilltobeclarifiedconcerningthespecificroleofthesynthesisparameters
(ionimplantationconditionsandthermaltreatments)andtheoptimal[Au]/[Er]concentra-
tionratiotoobtainthemostefficientErsensitization.Inspiteoftheseresults,adetailed
investigationoftheinteractiondistancethatcharacterizetheenergy-transfermechanismfrom
molecule-likeAuaggregatestotheErionsaswellastheestimationofthecharacteristic
cross-sectionoftheprocessisstilllacking.

TheaimofthepresentchapteristostudyindetailtheEr-relatedluminescenceproperties
ofEr-Auco-dopedsilicasamplesobtainedbyionimplantationatdifferentfluencesfollowedby
thermaltreatmentsinspecificatmospheresandtobetterunderstandthenatureoftheenergy-
transferprocessbetweenAuNCsandErions.Systematicphotoluminescencecharacterizations
(integratedandtime-resolved)wereperformedbothforresonantandout-of-resonanceEr
excitationconditionsthatallowedtodevelopaphenomenologicalmodelthroughwhichthe
effectivecross-sectionfortheenergy-transferaswellastheinteractiondistanceoftheprocess
couldbeestimated. Furthermore,structuralcharacterizationsoftheco-implantedsamples
wereperformedbyEXAFSanalysestobetterunderstandboththeAuclusteringphenomenon,
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theioninduceddamageduetotheAuimplantationanditssubsequentrecoveryasafunction
oftheincreasingtemperatureannealing.

4.2Er3+sensitizers

SincethetopicofthepresentchapteristhesensitizingeffectofAusub-nanoclusters,abrief
summeryoftheresultsoftheothersensitizingspeciesispresentedinthefollowing.
YtterbiumwasthefirstErsensitizertobestudied,sinceatλ=980nmtheYb3+ionhas
oneorderofmagnitudehigherabsorptioncross-sectionthenEr3+ion.Theresonanceofthe
2F7/2→

2F5/2Yb
3+transitionwiththe4I15/2→

4I11/2Er
3+transitionmakestheenergy-

transferprocesspossible.TheexcitationmediatedbytheabsorptionoflightbyYbionsand
thesubsequentenergy-transfertoErismoreefficientthanthedirectEr3+excitationinmany
hostmaterials.However,theinverseprocessisalsopossible(theback-transferfromEr3+to
Yb3+)thusreducingtheefficiencyofthesensitizationprocess;manyworkshavebeencarried
outtominimizethisundesirableeffect[19–21,74].
Inrecentyearssiliconnanocrystals(Si-NCs)haveemergedasefficientEr3+sensitizersin
silica[24–27]. WhensilicaisdopedwithanexcessofSi,nanometer-sizedSi-NCscangrow
andduetothethreedimensionalconfinementofsiliconproducedbytheSiO2-Siboundary,
Si-NCscanemitlightinthevisiblenear-IRregion. WhenaSi-richsilicasystemisco-doped
withErions,theinteractionbetweenthetwoopticallyactivespeciesgivesrisetoanintense
luminescentemissioninthe1.5µmspectralregion. Withafinecontrolonthesynthesis
parametersoftheSi-NCs,thenon-radiativechannelstypicallylimitingtheErluminescence
inbulksilicon(energyback-transferprocess)maybedrasticallyreduced. Moreover,indirect
excitationofErphotoluminescenceviacouplingbetweentheabsorptionbandsoftheSi-NCs
andtheErbiumexcitedstateshasbeendemonstratedbyanumberofgroups,revealingthat
Si-NCsenabletheexcitationofErionsatwavelengthsawayfromErabsorptionbands.The
excitationmechanismstartswhenaphotonisabsorbedbythenanocrystal,whichgeneratesan
boundexcitonintheSi-NC.ThisstepisfollowedbyrapidexcitationexchangetotheErions
andconsequentluminescenceat1.5µmfromtheEr3+metastablestate. Asaconsequence,
luminescencefromSi-NCsisincompetitiontothatfromtheErionandbyusingasufficiently
highErconcentrationSi-NCluminescencecanbeeffectivelyquenchedandEreffectivecross-
sectionincreasedbysomeordersofmagnitude[24,75].
AnothersensitizingmethodstudiedforErionsistheuseoforganiccomplexesandmolecules
toenhanceErradiativeproperties[28–32].Inthiscasetheadvantagecouldbetwo-fold:
toincreasetheErabsorptioncross-sectionviaenergy-transferprocessesandtopromoteEr
encapsulationinapolymericmatrix.Eveniftheresultsobtainedby[29]areverypromising,
theradiativeefficiencyisstillsmallduetothequenchingeffectof-OHgroupsinorganic
molecules.

Förstertheoryofenergy-transfer

TheinteractionprocessinvolvedinEr-sensitizercouplingisusuallydiscussedintheframework
oftheFörstertheoryofenergy-transferprocess.Here,ashortsummaryofthisphenomenon
isgiven,whichishelpfulforunderstandingthebasicmechanismsinvolvedinErsensitization.
Bydefinition,Försterresonanceenergy-transfer(FRET)isanon-radiativetransferofan
electronicexcitationfromanexcitedspecietermedasdonor(D)toanacceptor(A)thatis
initiallyinitsgroundstate:
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D∗+A→D+A∗ (4.1)

Thefirsttheoreticalformulationofresonantenergy-transferthatsuccessfullyidentifiedthe
inversesixthpowerdistancedependence(withwhichtheprocessitselfisnowalmostuniver-
sallyassociated)wasmadebyFörsterin1948[45],andexperimentallyverifiedbyLattet
al.[76].Förster’stheorydevelopsonanapproachbasedonelectricdipole-dipoleinteraction,
whichhasbeenextendedbyDexterin1953[77]toincludehigher-ordermultipoleinteraction.
IntheframeworkofDexter’selectronictransfer,theprocessrequiresawave-functionoverlap
betweenthedonorandtheacceptorandthecouplingcarriesanexponentialdecaywiththe
distance.

Figure4.1:Simplifiedenergyschemeoftheresonantenergy-transferprocess. Continuouslinesrepresent
radiativedecayrateswhiledashedonesarenon-radiative. SubscriptsD,Aandtstandsfor
donor,acceptorandtransfer,respectively.

AsschematicallyillustratedinFig.(4.1)theprocesscanbesummarizedasfollows:adonor
(D)absorbsaphotonandgeneratesanelectronicallyexcitedspecies(D∗).Iftheacceptoris
inthenear-fieldregion,theenergyreleasedwhentheelectronreturnstothegroundstatemay
simultaneouslyexcitetheacceptor(A∗).Aftertheenergy-transfer,theexcitedacceptordecays
eitherinafurthertransferevent,orbyothermeanssuchasphotonemission(fluorescence).
Inasimplepicture,thenear-fieldvolumeofanemittercanberepresentedbyasphereofa
radius0.1×̃λwith

λ̃=
λ

2πn
(4.2)

whereλisthewavelengthofthedonorluminescenceandnrepresentstherefractiveindex
ofthematrixmaterial. ConsideringanErbium-sensitizerinteractioninvolvingEr3+levels
inthevisible-near-IRspectralregion(wavelengthrange400-1000nm)andarefractiveindex
of1.4–1.6(typicalofsilica-basedhosts)wecanestimateλ̃tobearound100nm.Therefore
theFörsterzonerepresentsaspherewitharadiusof5–10nmaroundthedonor(sensitizer).
Acceptors(Erion)withinthisrangewillbeapotentialpartnerfortheFörstertransfer.
Ingeneral,forachievingaFörstertransferbetweenadonorandanacceptorthefollowing
conditionsshouldbefulfilled:
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•thedonorandacceptorshouldhavestrongtransitionsfromtheultraviolettonearin-
frared;

•thereshouldbeaspectraloverlapbetweenthedonorandacceptorstates;

•thedistancebetweendonorandacceptorshouldbebelowtheFörsterzone.

FromFig.(4.1)itcanbeseenthatthetransferefficiencyηtfortheenergy-transferisgiven
bythefractionofabsorbedenergybythedonorwhichistransferredtotheacceptor:

ηt=
kt

kt+krD+k
nr
D

(4.3)

wherektisthetransferenergyrate,andthedecayratesk
r
D,k

nr
D aretheradiativeandnon-

radiativedecayratesofthedonor,respectively.
Whentheacceptorisinthenear-fieldzoneofthedonor,theFörstertheorygivesthe
followingexpressionfortherateofenergy-transferkt,insystemswherethehostmaterialfor
thedonorandtheacceptorhasrefractiveindexn:

kt=
9c4κ2

8πτ0Dn
4R6

FD(ω)σA(ω)
dω

ω4
, (4.4)

whereFD(ω)istheemissionspectrumofthedonor(normalisedtounity),σA(ω)isthelinear
absorptioncross-sectionoftheacceptor,Risthedonor-acceptordistance,τ0D isthelifetime
oftheexciteddonorintheabsenceoftransfer(τ0D=1/(k

r
D+k

nr
D)),cisthespeedoflightand

κdependsontheorientationsofdonorandacceptorwithrespecttoeachother(forrandomly
orientateddipolemomentsκ2=2/3).Theintegralintheequation(4.4)accountforthespectral
overlapbetweenthedonoremissionspectrumandtheacceptorabsorptionspectrum.
TheFörsterrateequationisoftencastinanalternativeequivalentform,

kt=
1

τ0D

R0
R

6

(4.5)

whereitisintroducedtheconceptofacriticaldistance(R0),aseparationatwhichtheenergy-
transferrate(kt)andthedecayrate(k

r
D+k

nr
D)bythedonorareequal(knownastheFörster

distance).Theassociatedtransferefficiency(ηt)becomes:

ηt=
1

1+(R/R0)6
(4.6)

Inconclusion,itcanbepointedoutthat,forafixedκandn,thetransferefficiencyηtincreases
withincreasingquantumefficiencyofthedonor(sensitizer)andwithincreasingtheoverlapof
therespectiveopticalspectra,anditdecreasesrapidly(R−6)withthedistancebetweenthe
interactingobjects.
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4.3Energy-transferfromAuNCstoEr3+

Sub-nanometricmolecule-likegoldnanoclustershavebeenproventobeefficientsensitizers
fortheEr3+photoluminescentemissioninsilicamatricesthroughanon-resonantbroad-band
energy-transfermechanism[39].InaveryrecentworkreportedinRef.[73]itwasdemonstrated
thatsuchenergy-transferprocessistriggeredbytheformationofanear-infraredluminescence
band(at980nm)relatedtotheultra-smallAunanoclustersthat,beingresonantwiththe
correspondingEr3+absorptiontransition(4I15/2→

4I11/2),representsapreferentialchannel
forthetransferofelectromagneticenergytotheEr3+ions.

Twodistinctpathshavebeenenvisagedforthisprocess.Inthefirstcasetheenergy-
transfermayoccurinanon-radiativeway(i.e.,notinvolvingemissionofphotons)byshort-
rangemechanismsasmultipole-multipoleinteractions(Förstermechanism[45])orexchange
processes(Dextermechanism[77])owingtotheoverlapofthewavefunctionsassociatedto
the980nmbandoftheultra-smallAuclustersandthe4I11/2leveloftheEr

3+ions.In
thesecondcasealong-rangeinteractionmayoccurmediatedbytheradiativede-excitation
oftheAunanoclustersthroughtheirluminescentemissionat980nmandthesubsequent
absorptionoftheemittedphotonsbytheEr3+ions.RecentlyJulsggardandco-workers[78]
demonstratedthatfortheErsensitizationbySinanocrystalsthecouplingoccursatshort-
rangewithacharacteristicinteractionlengthcomparabletointeratomicdistances.

Thepresentsectionisthereforefocusedontheelucidationofthephotophysicalnatureof
theenergy-transferprocessbetweenmolecule-likeAunanoclustersandEr3+ionsinorder
discriminatebetweenradiativeornon-radiativeprocesses,short-orlong-rangecoupling.

4.3.1Samplesynthesis

Forthisstudythesampleshavebeensynthesizedwiththefollowingapproach.First,sequential
Erimplantationswereperformedonsilicaslabs(InfrasilbyHaereus)atthreeenergies(50,100
and190keV)withanErtotalfluenceof2.7×1014Er+/cm2.AnalmostflatErconcentration
profileabout70nmthick,centeredatabout60nmbelowtheslabsurfaceisobtainedin
thisway. AftertheErimplantationsafurthersilicalayerwasdepositedbyradiofrequency
magnetronsputteringontwoselectedsamples. Thethicknessofthislayerwasof35nm
and160nm,respectively(asmeasuredbyaprofilometer). AlltheEr-implantedsamples
werethenannealedat800℃ inN2atmospherefor1hour. Thisthermaltreatmentisused
bothtocompletelyrecoverthesamplesfromErimplantationdamageandrestoretheEr
octahedralcoordinationnecessaryforitsefficientluminescentemission,butalsotoadjustthe
sputteredsilicalayerfrompossibledepositiondefectsandunder-stoichiometryeffects.Triple
energy(60,110and190keV)Auimplantationswerethenperformedonthesamplesata
totalAufluenceof6.7×1014Au+/cm2.Subsequently,thesampleswerethermallytreated
at650℃ inN2atmospherefor1htoinducetheAuimplantationdamagerecoveryandto
promotetheformationofAunanoclustersinthesilicamatrix. ThesputteredSiO2layer
actedasaspacerfortheAuimplantationsanditsthicknesswasproperlychosentoobtain
threesamplescharacterizedbyadifferentdegreeofoverlapbetweenErandAuconcentration
profiles:completeoverlap(nosilicaspacer,sampleA),partialoverlap(35nmspacer,sample
B)andcompleteseparation(160nmspacer,sampleC).Aschematicrepresentationofthe
samples’structureisshowninFig.4.2.

TheErandAutotalfluenceswereestimatedbyRutherfordBackscatteringmeasurements
(RBS)whiletheconcentrationprofileswereobtainedbySRIMsimulations[48]. TheEr-
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Figure4.2:Schematicrepresentationofthesamples’structure:(Ref)referencesample(noAuimplantation);
(A)nosputteredSiO2spacer(completeoverlapbetweenErandAuconcentrationprofiles);(B)35
nmSiO2sputteredlayer(partialoverlap);(C)160nmSiO2sputteredlayer(completeseparation
betweenErandAuconcentrationprofiles).

implantedsampleannealedat800◦C(i.e.,beforethesilicasputteringdepositionandtheAu
implantations)wasalsocharacterizedanditwillbereferredtointhefollowingasthereference
sample.

4.3.2PLintensityasafunctionofspacerthickness

TocharacterizetheEr3+luminescentemissionpropertiesofthesamplesandinvestigatethe
interaction mechanismsbetweentheErionsandtheAunanoclusters,photoluminescence
(PL)measurementswereperformed(bothintegratedandtime-resolved)atroomtemperature
usingresonant(at488nm)andout-of-resonance(at476.5nm)Erexcitationconditions.The
experimentalset-upisdescribedinsection1.3.1

Fig.4.3showstheroomtemperaturePLspectraofthedifferentsamplesmeasuredinthe
wavelengthrange1450–1650nmforresonant(closedsymbols)andout-of-resonance(open
symbols)pumpingconditions.Sincealowerpowerwasdeliveredbythelaserat476.5nm
thanat488nm,toallowforadirectcomparisonthespectraarerescaledtothepowerat
476.5nm. ThespectraoftheEr-implantedreferencesamplewerealsomeasuredatboth
pumpingconditionsresultingcompletelyoverlappedtothoseofsampleC(thickestspacer)
andthustheyarenotreportedinFig4.3.Forresonantexcitationconditionsallthesamples
exhibitthecharacteristicPLbandat1540nmrelatedtothe4I13/2→

4I15/2Er
3+transitionin

silica.TheintensityofthisbandincreasesbydecreasingthethicknessofthesputteredSiO2
layer. Withrespecttothereferencesample(orequivalentlytosampleC)anincreaseofthe
integratedPLsignalofafactorof5inthesamplewithoutthesputteredsilicalayer(sampleA)
wasmeasured.ThisenhancementoftheEr3+luminescenceisconsistentwiththesensitization
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Figure4.3:RoomtemperatureEr3+PLemissionspectraofthesamplesresonantlyexcitedat488nm(closed
symbols)andwithout-of-resonancepumpingconditionsat476.5nm(opensymbols).Thespectra
arenormalizedtothesamepumppower.ThelabelsreportinbracketsthethicknessoftheSiO2
sputteredlayer.ForbothexcitationconditionsthespectraoftheEr-implantedreferencesample
overlappedcompletelytothosemeasuredfromsampleC.

effectobtainedin[36,39]fromsimilarEr-Auco-implantedsystemsandthatwasdemonstrated
tobeinducedbytheformationuponannealingofsub-nanometricAuaggregatesthatactas
sensitizersfortheEremission. ThiseffectisfurtherconfirmedbythePLresultsobtained
forout-of-resonancepumpingconditions.Indeed,whilenoPLemissionwasrevealedfrom
thereferencesamplefornon-resonantexcitationat476.5nm,thePLsignaldetectedfrom
sampleAbypumpingatthiswavelengthresultedevenmoreintense,inagreementwiththe
slightlyhigherAuabsorptioncross-sectionat476.5nmthanat488nm.Amarkedlydifferent
behaviorwasobservedinsteadfromsampleC(i.e.,thesamplewiththethickestsilicaspacer).
Asmentionedabove,forbothexcitationconditionsthePLspectracollectedfromthissample
wereidenticaltothoseofthereferencesample.NoenhancementeffectoftheEr3+luminescent
emissionwasobservedinthiscase. Thissuggeststhatthethicknessofthesputteredsilica
layerinthissampleislargeenoughtohindertheinteractionbetweenAunanoaggregatesand
Erions:theoverlapbetweentheEr-andAu-containingregionsisnecessaryfortheultra-
smallAunanoclustersto“talk”tonearbyEr3+ionsandthusfortheenergy-transferprocess
tooccur.Furtherinsightsonthismechanismcanbeobtainedbyanalyzingtheluminescence
propertiesofsampleBinwhichapartialoverlapbetweentheErandAuconcentrationprofiles
isobtained.AsshowninFig.4.3thebehaviorofthissampleisintermediatebetweenthatof
sampleAandsampleC.

TohighlightthiseffectandgetquantitativeinformationinFig.4.4isreportedtheinte-
gratedPLemissionmeasuredat1540nmasafunctionofthephotonfluxforthethreesamples.
IntheexploredrangethePLintensityscaleslinearlywiththephotonflux. Thesolidand
dashedlinesarelinearfitsoftheexperimentaldatameasuredwithresonantexcitationat488
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Figure4.4:PLemissionat1540nmasafunctionofthephotonfluxofthesamplesresonantlyexcitedat488
nm(closedsymbols)andwithout-of-resonancepumpingconditionsat476.5nm(opensymbols).
Thesolidanddashedlinesarelinearfitsofthedatameasuredwithexcitationat488nmand
476.5nm,respectively.

nm(closedsymbols)andnon-resonantpumpingat476.5nm(opensymbols),respectively.In-
terestingconsiderationscanbederivedanalyzingtheresultsobtainedforexcitationat476.5
nm.AtthiswavelengththeonlyexcitationmechanismoftheEr3+ionsistheindirectpump-
ingmediatedbytheenergy-transferfromtheAunanoclusters. Moreover,thePLemission
intensityisproportionaltothefractionofopticallyactiveErionsinthesamplethatcanbe
indirectlyexcitedthroughtheenergy-transferprocess.Uptothehighestpumpingintensities,
noluminescentemissioncanberevealedfromsampleCfortheseexcitationconditions,that
isnoEr3+ioncanbereachedbythetransferofenergyfromtheAunanoclustersasaconse-
quenceoftheseparationdistancebetweentheErandAuconcentrationprofiles.Concerning
sampleBinstead,itisworthnotingthattheratiobetweentheslopeofthelineartrendin
thePLintensityasfunctionofthephotonfluxofsampleB(reddashedline)andsampleA
(bluedashedline)results0.54±0.05. ThisvaluecanbeconsideredasthefractionofEr3+

ionsindirectlysensitizedbytheAunanoclustersthatarepresentinsampleBwithrespect
tothetotalnumberinsampleAandresultsconsistentwiththeratiobetweentheareasof
overlapoftheErandAuconcentrationprofilesinthetwosamples(about0.5).Therefore,due
tothepartialoverlapbetweenErandAuconcentrationprofilessampleBcanbeconsidered
ascomposedbyalinearcombinationofsampleAandsampleC:IB=wAIA+wCIC,with
weightingfactorswA=0.54andwC=0.46(wA+wC=1)Afurtherconfirmationofthisscenario
canbefoundinthePLintensityresultsofsampleBobtainedforexcitationat488nm(red
dots).AsshowninFig.4.4theslopeofthelinearfitobtainedinthiscase(redsolidline)is
higherthanthatat476.5nm.Forresonantpumpingat488nmindeedtheEr3+ionscanbe
exciteddirectlybythelaserbeamthroughthe4I13/2→

4I15/2Erabsorptiontransition.The
higherslopemeasuredatthiswavelengthinsampleBthereforeaccountsforthecontribution
tothePLemissionofthefractionofopticallyactiveErionsthatareoutsidetheoverlapregion
betweentheErandAuconcentrationprofiles,or,inotherwords,fromthepartofsampleC



4.3Energy-transferfromAuNCstoEr3+ 67

thatcomposessampleB.

4.3.3Er3+lifetimeatλ=1540nm

Thelifetimemeasurementsperformedonthesesamplesgivefurthersupporttothisdescription.
InFig.4.5isreportedthetemporaldecaycurvesofthePLemissionat1540nmobtained
fromtime-resolvedPLmeasurementsofthesamplesexcitedat488nm.Sameresultswere
obtainedalsoforexcitationat476.5nm,butduetothelowerlaserintensityavailableatthis
wavelengththemeasurementswerecharacterizedbyalowersignal-to-noiseratioandhavenot
beenplotted.Astretchedexponentialfunctionoftheform

IPL(t)=IPL(0)exp−
t

τ

β

(4.7)

wasusedtofitthetheexperimentaldata,withτandβusedasfreeparameters.Inthe
expression,τisthePLlifetimewhileβisthestretchingfactor,whichrangesbetween0
and1. ThestretchedexponentialdescribesthePLdecaycurveofapopulationofemitters
whosedecayratesdistributionisGaussian. Thereforethestretchingparameterdescribes
thedispersionintheexcitedstatelifetimes,whichisasignatureofaninhomogeneousEr
populationgivenbythedistributionofEr-AuNCsdistances. Thesolidlinesarethebest-
fittingresultstotheexperimentaldataaccordingtotheequation(4.7). Whenthestretched
exponentialisused,theeffectivelifetime(τeff)canbecalculatedthroughthefunction:

τeff=
1

IPL(0)

∞

0
IPL(t)dt=

τ

β
Γ
1

β
. (4.8)

whereΓistheEuleriangammafunction.SampleAischaracterizedbyaneffectivelifetime
τeff,A=6.4±0.4ms(β=0.84).Converselyasingleexponentialdecay(β=1)wasmeasured
fromsampleCwithalongerlifetimeτeff,C=10.9±0.6ms. Theshorteningeffectonthe
lifetimeobservedinsampleAisconsistentwiththeresultsobtainedfromsimilarEr-Auco-
implantedsamplesandhastobeascribedtotheco-presenceintheEr-containingregionof
AunanoclustersthatactassensitizersfortheEremission. Theformationofnon-radiative
recombinationcentersrelatedtoimplantation-induceddefectshavebeenruledoutforthese
systems[72].
ThelifetimeoftheErreferencesamplewasalsomeasuredandreportedinFig.4.5(green
curve). Asingleexponentialfitwasdoneinthiscaseobtainingτref=13.8±0.6ms.Itis
worthnotingthatsuchlonglifetimeisconsistentwiththeEr3+emissionlifetimereported
byPolmanandco-workers[8]forlowconcentrationEr-dopedsilicasystems,indicatingthe
absenceofconcentrationquenchingeffectsinoursampleduetothelowErimplantationfluence
(correspondingtoapeakErconcentrationbelow0.2at.%)aswellasofresidualimplantation
damagenotcompletelyannealedoutbythe800◦Cthermaltreatmentthatmaycoupleto
theErionsopeningnon-radiativedecaychannels. Withrespecttothereferencesample,
sampleCischaracterizedbyaslightlyshorterlifetime.Thisshorteningeffectisduetothe
sputteringdepositionofthesilicaspacerthatchangestherefractiveindexofthemediumjust
abovetheErimplantedregionandthustheradiativelifetime,asalreadydiscussedinsection
2.4.1.InsteadthepresenceofadamagetailrelatedtothesubsequentAuimplantationcanbe
ruledout:thesamelifetimewasmeasuredfromsampleCbeforeandafterAuimplantations.
FinallyconcerningsampleB,itsPLtemporaldecay(graycurveinFig.4.5)iswellrepresented
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Figure4.5:TemporaldecaycurvesofthePLsignalat1540nmforthedifferentsamples,resonantlyexcited
at488nm. ThetimedecaycurveoftheEr-implantedreferencesampleisalsoreportedfor
comparison.Thesolidlinesarebest-fitstotheexperimentaldata.

bythelinearcombinationoftheresultsofsamplesAandCwiththesameweightingfactors
(wAandwC)obtainedfromthemeasurementsoftheintegratedPLemission(Fig.4.4),thus
furtherconfirmingthedescriptionofsampleBasformedbytwocomponents:abouthalfof
thesamplebehavesassampleAandtheotherhalfassampleC.

4.3.4Energy-transferasshort-rangeinteraction

Fig.4.6showsaschematicrepresentationoftheEr3+PLemissionat1540nmofthethree
samplesforthetwoindicatedexcitationconditions:in-resonance(upperpanel)andout-of-
resonance(lowerpanel).ThedataareshownasafunctionoftheErandAucouplingratio,i.e.,
theintersectionareabetweentheErandAuconcentrationprofiles(grayarea)relativetothe
totalEr-containingregion.Asmentionedabove,theEr3+ionscanemitasaconsequenceof
bothdirect(resonant)excitationandindirect(non-resonant)sensitizationthroughtheenergy-
transfermediatedbytheAunanoclusters.ThetwomechanismsarehighlightedinFig.4.6
withblueandgrayarrows,respectively.Forthedifferentpumpingconditionsthebehavior
ofthesamplesresultsbythecombinationofthesetwoprocesses.InsampleAthedominant
excitationmechanismfortheEr3+ionsistheindirectAunanoclusters-mediatedsensitization
andoccurswiththesameefficiencyforbothpumpingconditions.Onthecontrary,insampleC
theEr3+PLemissionoccursonlyfordirectexcitationatresonantpumping.Noluminescence
canbedetectedforout-of-resonanceexcitation. TheseparationdistancebetweentheEr
andAu-containingregionsinthissample(160nm)islargeenoughtopreventanyindirect
excitationoftheEr3+ionsbytheAunanoclusters.Asaconsequence,thisdemonstratesthat
theenergy-transferprocessfromtheAunanoclusterstotheErionsisashort-rangecoupling
mechanismandcanbedescribedintheframeworkoftheFörsterenergy-transfertheory.
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Figure4.6:SchematicrepresentationofthePLemissionat1540nmofthethreesamplesasafunctionofthe
ErandAucouplingratioforresonant(at488nm,toppanel)andnon-resonant(at476.5nm,
bottompanel)Er3+excitationconditions.

Long-rangeinteractioneffectsasthosemediatedbytheemissionofphotonsfromtheAu
nanoclusterssubsequentlyabsorbedbytheErionscanberuledout.Furtherconfirmations
oftheshort-rangenatureoftheenergy-transferprocessarisefromtheresultsobtainedfor
sampleB(partialoverlap).Thissamplecanbeeffectivelydescribedasformedbytwoparts
thatbehaveindependently:theportionofsampleBcorrespondingtotheoverlapregion(gray
area)behavesassampleA,whiletheremainingfraction(whitearea)actsassampleC.The
PLsignalofthissampleresultsbythecombinationoftheluminescencepropertiesofsample
AandsampleCweightedonthecorrespondinggeometricalproportions.Inparticular,for
out-of-resonanceexcitationconditionsat476.5nmthePLemissionarisesonlyfromtheEr3+

ionsthatarepresentintheoverlapregion(grayarea);thoselyingoutsidethisregion(white
area)donotcontributetothePLsignal:theycannotbedirectlyexcitedduetothenon-
resonantpumping,northeyareindirectlysensitizedbytheAunanoclusters. Thisresultis
particularlyimportantsinceitreinforcesthestatementthattheenergy-transfermechanism
fromtheAunanoclusterstotheErionsisashort-rangeinteractionprocessdemonstrating
thatthecouplinglengthhastobeoftheorderoftheinteratomicdistances.



70 4.4TheroleofAuNCssizeanddensityonEr3+PLenhancement

4.4 TheroleofAuNCssizeanddensityonEr3+PL

enhancement

Inthepresentsectionseveralaspectsconcerningthedeterminationofthebestconditions
(intermsofimplantationparametersandthermaltreatments)tomaximizetheErsensitized
emissionwillbediscussed.Inparticularitwillbeinvestigatedindetailhowtheratiobetween
theAu/ErimplanteddosecaninfluenceboththePLintensityandthelifetimeoftheEr
radiativeemissionatλ=1540nm.Theopticalpropertieswillalsoberelatedtotheannealing
temperatureandatmospheretoelucidatetherelationbetweenthePLenhancementandtheAu
NCsgrowthinsilica,usingEXAFSanalysistohaveastructuralcharacterizationofselectedset
ofsamples. Moreover,theEr3+effectiveexcitationcross-sectionandtheinteractiondistance
wereestimatedfromthecharacterizationofthePLintensityasafunctionofpumpingphoton
flux.

4.4.1Samplesynthesis

Tripleenergy(60,110and190keV)Auimplantationswereperformedonsilicaslides(Herasil
IbyHaereus)thatwerepreviouslyimplantedwithEratatotalfluenceof6.7×1014cm−2and
annealedat800℃inN2atmosphere,toactivatetheluminescenceoftheErions,otherwise
hinderedbytheimplantation-induceddefects(asdiscussedinsection1.4.2). ErandAu
implantationsproduceanalmostconstantconcentrationprofilesofthetwoelementsinan
implantedregionabout70nmthick. WiththisimplantationschemetheoverlapoftheAu
andErdepthprofileisobtainedindependentlyfromtheionimplantationfluence. Different
setsofsampleswereproducedinwhichthe[Au]/[Er]concentrationratiowasspannedover
therange0.5–10. TheimplantationfluencesweremeasuredbyRutherfordBackscattering
Spectrometry(RBS).

AfterAuimplantationsthesampleswereheatedattemperaturesintherange300–800℃
inN2atmospheretoinduceAuclusteringandtorecoverthesilicamatrixfromradiation
damage.Forthesampleswiththetwoextremeconcentrationratios([Au]/[Er]=0.5and10)
thermaltreatmentsinreducingatmosphere(Ar+H2)werealsoperformed.AnEr-implanted
silicasample(annealedat800℃ inN2atmosphere)butwithoutAudopingwasusedasa
referenceforthemeasureofthephotoluminescenceintensityanddecayrate.Thisreference
samplewillbeindicatedasEr800.Inthefollowingsectionthesamplelabelwillindicatethe
AuandErconcentrationwithrespecttoErconcentrationofthereferencesample(∼9.1×1019

at/cm3),theannealingtemperatureandatmosphere:e.g.,forthesampleEr1Au5-N600the
ErconcentrationwasequaltoEr800sample,whileAuconcentrationwasabout5timeshigher
andthesamplewasannealedatT=600℃innitrogenatmosphere.

ExtendedX-rayAbsorptionFineStructure(EXAFS)experimentswereperformedattheAu
L3-edgeinfluorescencemodeattheID26beamlineoftheEuropeanSynchrotronRadiation
Facility(Grenoble,France). Themonochromatorwasequippedwithacoupleof(111)Si
crystals;acoupleofmulti-segmentedpiezoelectricbimorphmirrorsallowedtorejectharmonics
andtofocusthebeamontothesample.Thesampleswerecooledat20Ktoavoidradiation
damageandtoreduceasmuchaspossiblethermalvibrations.
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Figure4.7:RoomtemperaturePLemissionat1540nm(resonantlyexcitedat488nmwithapumppower
of22mW)asafunctionoftheannealingtemperatureforEr-Auco-implantedsamplesthermally
treatedininertN2atmosphere.Inset:comparisonofthePLemissiontrendoftheEr1Au0.5sam-
plesannealedininertN2atmosphere(Er1Au0.5-N)andreducingAr+H2atmosphere(Er1Au0.5-
H).ThesolidlinesareGaussianfitsasdescribedinthetext. Thelegendreportsthenominal
[Au]/[Er]concentrationratio.ThehorizontaldashedlinesindicatethePLintensityoftheEr800
referencesample.

4.4.2InfluenceofAuNCssizeanddistributiononPLintensity

Fig.4.7reportstheevolutionoftheroomtemperaturePLemissionintensitymeasuredat
λ=1540nmasafunctionoftheannealingtemperaturefortheEr-Auco-implantedsilica
samplesthermallytreatedinnitrogenatmosphere.ForallthesampleseriestheErpeakcon-
centrationwas∼9.1×1019at/cm3,whileAuconcentrationwasvariedfrom4.3×1019at/cm3

to9.6×1020at/cm3inordertoobtain[Au]/[Er]concentrationratiosthatspanovermorethan
oneorderofmagnitude.ThePLmeasurementshavebeenperformedwithresonantexcitation
atλ=488nm,asdescribedinsection1.3.1.TheinsetshowsthecomparisonofthePLemission
trendforthesampleswiththelowestimplantationdose(Er1Au0.5series)annealedininert
(N2)andreducing(Ar+H2)atmospheres.ThehorizontaldashedlineindicatesthePLsignal
ofthereferencesample(Er800),thatistheEr-dopedsilicasamplepriortoAuimplantation.

InthewholerangeofAuconcentrationsexploredandforbothannealingatmospheres,the
temperatureevolutionofthePLintensityischaracterizedbyanincreaseuptoamaximum
value,andasubsequentsignificantdecreasedowntoPLsignalssimilartoorlowerthanthe
valueofthereferencesample.Inordertoreproducethistrendtheexperimentaldatawere
fittedwithaGaussianfunction(solidlinesinFig.4.7).ForthesampleswiththehighestAu
concentrations(Er1Au5andEr1Au10)apolynomialbackgroundhasbeenalsoaddedtothe
Gaussianfunctiontofitthelowtemperaturedata.Thisbackgroundisneededtoaccountfor
thePLsignalthatcanbemeasuredinthesesamplesalreadyatlowannealingtemperatures
(T<500℃)whichisinsteadnegligibleinthesamplesimplantedatlowerAufluence(Er1Au1
andEr1Au0.5series).Thesefitshavebeenusedasaguidefortheeyeandtoextractthepeak
parameters(PLpeaktemperatureandpeakintensity).ThefirstincreaseofthePLintensity
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hastoberelatedtotheprogressiveaggregationofdispersedAuatomsinsmallclustersaswell
astotherecoveryofthematrixfromradiationdamage,whiletheobserveddecreaseathigher
temperaturesisrelatedtothefurtherAuclustergrowththatreducestheoverallnumberof
clusterperunitvolumeandincreasestheaveragesize[39].Botheffectspromoteaprogressive
reductionoftheefficiencyintheenergy-transfermechanismbecausetheincreaseoftheaverage
distancebetweenAuNCsandErionsdecreasestheFörsterlikeenergy-transferefficiency,and
thetransitionfrommolecular-liketo"bulk"characteroftheaggregateshasbeendemonstrated
tohaveadetrimentaleffectonErsensitization[73]. NonethelessfromthedatainFig.4.7
itemergesalsoclearlythatboththeAuimplantationfluenceandtheannealingatmosphere
havearemarkableeffectonthetemperatureevolutionofthePLemission,inparticularon
thepeakposition(peaktemperature)andthemaximumintensity.

Figure4.8:PLPeaktemperature(mainpanel)andPLpeakintensity(inset)asafunctionofthe[Au]/[Er]
concentrationratioofsampleseriesannealedinN2atmosphere(graydots)andAr+H2atmo-
sphere(reddots).TheopencirclesarethedataobtainedfromthetwosampleseriesEr0.7Au1
andEr0.7Au5.

InordertoanalyzethiseffectthePLpeaktemperatureandthepeakintensityobtainedfrom
theGaussianfitswereplottedasafunctionofthe[Au]/[Er]concentrationratioinFig.4.8.
TheopencirclesrepresenttheresultsobtainedfromtwodifferentseriesofEr-Auco-implanted
samples(Er0.7Au1andEr0.7Au5)annealedinN2atmosphereinwhichErwasimplantedat
alowerfluence(4.7×1014cm−2).Thesedatacanbetreatedconsistentlywiththoseofallthe
othersampleseriesconfirmingthatthemechanismstobeconsideredareindeeddependenton
therelativeconcentrationofAusensitizersandErionsandindependentoftheabsoluteEr
concentrationwhenitiskeptbelowtheconcentrationquenchinglimit.AsshowninFig.4.8,
thepeaktemperatureischaracterizedbyamonotonicdecreaseforincreasingthe[Au]/[Er]
ratio.Thedashedlineisalinearfitofallthedatarelativetosamplesannealedinnitrogen
atmosphere(graydotsandopencircles). Thisresultcansuggestthatthethermalenergy
requiredtoobtaintheoptimumAuNCssizedistributiondecreaseslinearlywiththeincrease
oftheAurelativeconcentration. ThedataofthesamplesannealedinAr+H2atmosphere
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(reddots)seemtolieonasimilarlineartrendbutwithasmallerslope,probablybecause
thereducingatmospheredecreasestheAuclusteringrateinsilica[39].Onthecontrary,the
evolutionofthepeakintensityasafunctionoftherelativeAuconcentrationwithrespectto
Er(seeinsetinFig.4.8)isdefinitelynotmonotonicbutexhibitsamaximumforan[Au]/[Er]
ratioequalto1,i.e.,whentheAuconcentrationequalstheErone.Itisworthhighlighting
thatselectingproperlythe[Au]/[Er]ratioandtheannealingtemperaturethePLsignalof
thecharacteristic4I13/2→

4I15/2Er
3+radiativetransitioncanbeenhancedbyanorderof

magnitude.

Inordertogetstructuralinformationonthesamples,x-rayabsorptionspectroscopymea-
surements(EXAFS)ofsomeselectedEr-Auco-implantedsampleshavealsobeenperformed.
ThedatashowaprogressiveincreaseoftheaverageAuclustersizeinthesamplesbyincreasing
theannealingtemperatureand,foragiventemperature,byincreasingtheAuimplantation
fluence. Auclustersmadeofabout50atomsareformedintheEr1Au10-N800sample,rep-
resentingthelargestNCsproducedinallthesampleseries. BycomparingthePLresults
withtheEXAFSdataitemergesthatforeachsampleseriesthemaximumoftheEr3+lu-
minescenceisobtainedatannealingtemperaturesthatinducetheformationofultra-small
Aunanoclustersmadeoflessthan10–20atoms. Moreover,themaximumofthePLemission
correspondstotheformationofAuclusterswhoseaveragesizedecreasesbydecreasingtheAu
implantationfluence(i.e.,about20atomsfortheseriesEr1Au10-N,17atomsforEr1Au5-N
andabout10atomsforEr1Au0.5-N).Thisbehaviorcanbeunderstoodtakingintoaccounts
thattheAuimplantationprocessfollowedbythermaltreatmentsisexpectedtoinducethe
growthofAuclusterswithadistributionofsizesthatisdependentontheAufluencebeing
narrowerforlowerAuconcentrations,thusresultinginanaverageAuclustersize,asesti-
matedbyEXAFS,smallerforlowerAufluences.Alltheseresultsallowtoclarifythetrend
ofthePLpeaktemperatureshowninFig.4.8. Theincreaseofthepeaktemperaturefor
decreasing[Au]/[Er]concentrationratiosisindeedrelatedtothegrowthoftheAuNCsinthe
optimalsizerangefortheErsensitization(10–20atoms)thatoccursatincreasingannealing
temperaturesfordecreasingAuconcentrations.

4.4.3InfluenceofAuNCsizeanddistributiononEr3+lifetime

FurtherinsightsintotheroleoftheAusub-nanometricclustersasErsensitizerscanbegained
bystudyingthetemporaldecayoftheEr3+luminescentemissionat1540nm. Tothisaim
time-resolvedPLmeasurementswereperformedonalltheinvestigatedsamples. Duetoits
non-exponentialcharacter,thePLtemporaldecayofthesampleswasfittedwithastretched
exponentialdecayfunctionleavingthelifetime(τ)andthestretchingparameter(β)asfree
parametersforthecalculations.Theeffectivelifetime(τeff)oftheEr

3+luminescentemission
wasthenestimatedthroughtheequation(4.8).InFig.4.9theresultsofthesefittingsobtained
fromthesamplesannealedinnitrogenatmosphereforresonantpumpingconditionsat488nm
arereported.Out-of-resonance(atλ=476.5nm)lifetimemeasurementswerealsoperformed
providinginallcasesthesameresults.

InbothpanelsinFig.4.9thehorizontaldashedlineindicatestheresultsfromtheEr800
referencesample.Asingleexponentialdecay(β=1)wasmeasuredinthiscasewithalifetime
τ∗=(10.7±0.2)ms.ConsideringthedatareportedinFig.4.9(a)itcanbeobservedthatforall
thesampleseriesthePLeffectivelifetimeincreasesbyincreasingtheannealingtemperature.
Thisbehaviorisconsistentwithaprogressiverecoveryuponannealingofirradiationdefects
thatmayactasnon-radiativerecombinationcenters,thusincreasingtheprobabilityforthe
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Figure4.9:(a)Effectivelifetime(τeff)and(b)stretchingparameter(β)oftheEr
3+PLemissionat1540

nmasafunctionoftheannealingtemperaturefortheEr-Auco-implantedsamplesannealedin
N2atmosphere.Thesampleswereresonantlyexcitedat488nm.

Erde-excitation.ItisworthnotingthatevenforthelowestAufluence(Er1Au0.5series)
itisnotpossibletocompletelyrecovertheemissionlifetimeoftheEr800referencesample.
Therecoveryofthesilicamatrixduetotheimplantationdamagewillbediscussindetail
inthenextsection,butitisworthanticipatingthatthelifetimeshorteningduetothenot
completelyrecoveredsilicahostdoesnotproducestretchedexponentialPLdecaycurvesand
thatathighannealingtemperaturethedamageisfullyrecovered(i.e.thelifetimereaches
thevaluebeforeionirradiation). Thus,thisshorteningeffectontheEr3+lifetimeinthe
co-implantedsampleshastobeascribedtothepresenceofAuclustersinthesamplesacting
asErsensitizersandnottotheformationofnon-radiativerecombinationcentersrelatedto
irradiationdefects. Moreover,atthehighestannealingtemperatures,thesamplesimplanted
atlowerAufluencesarecharacterizedbyaτeffwhichisabouttwicethevaluedetermined
fromthesamplesimplantedathigherAufluences,probablyduetothehigherAuclustersize
anddensityinthesamplesimplantedathigherAufluence.Lastly,itisworthconsideringthat
aminoreffectduetothemodificationofthelocaldielectricenvironmentaroundtheErions
inducedbythepresenceoftheAunanostructurescannotbedefinitelyruledout.Nonetheless,
duetotheultra-smallAuclustersizeandthesizedistributioninducedbytheAuimplantation
process,aquantitativeestimationaprioriofsucheffectisverydifficultanditspossiblerole
canonlybeguessed.

Furtherinformationcanbegainedfromthevaluesofthestretchingparameter(β)deter-
minedfromthedifferentsamples(seeFig.4.9(b)).Thestretchingparameterindeedaccounts
foradispersionintherelaxationratesoftheErionscausedbylocalinhomogeneitiesintheEr
ionlocalenvironmentinducedbytheAuincorporation[39].ForalltheAufluencesinvesti-
gated,thevaluesofβarecloseto1(singleexponentialdecay)forthesamplesannealedatlow
temperatures(T<500℃)anddecreaseforincreasingannealingtemperatures.Thissuggests
thattheAuclustergrowthoccurringatincreasingannealingtemperaturesisaccompaniedby
acorrespondingincreaseofconfigurationaldisorderwhichismorepronouncedwhentheAu
fluenceishigher.Ontheotherhand,attheannealingtemperaturesthatinducethemaximum
PLemissionofthedifferentsampleseriesthestretchingparameterresultshigherwhenthe
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Auconcentrationislower,indicatingagainanarrowerdispersionoftheErrelaxationrates
whenlowerAufluencesareimplanted.Furthermore,itisworthnotingthatforthelowestAu
concentration(Er1Au0.5series)βresultshigheruponannealinginreducingatmospherethan
ininertone(particularlyincorrespondencetothemaximumofthePLemission),suggesting
thepresenceofalowerconfigurationaldisorderinthefirstcase.

4.4.4Effectivecross-section

Averyimportantparameterthatcharacterizestheenergy-transferprocessfromAuNCs
toErionsistheeffectivecross-sectionforErsensitization,σeff.Intheaimofproviding
anestimationofthisparameterfortheEr-Auinvestigatedsamples,theEr3+luminescent
emissionat1540nmwasmeasuredasafunctionofthephotonfluxwithout-of-resonance
excitation(atλ=476.5nm).Forthedifferentsampleseriesthemeasurementswereperformed
onthesamplesannealedattheconditionsthatproducethehighestPLemissionat1540nm,
i.e.,characterizedbythestrongestsensitizationeffect(“best-performing”samples).Forout-
of-resonancepumpingconditionstheexcitationoftheErionsoccursonlyindirectly,mediated
bytheenergy-transferfromtheAuclusters. Fromaphenomenologicalpointofview,the
processcanbedescribedbythefollowingrate-equation[24]:

dN∗sEr
dt
=Ws−

N∗sEr
τ
, (4.9)

whereN∗sEristheconcentrationofexcitedErionssensitizedthroughenergy-transferbythe
AuNCsandτistheEremissionlifetimeintheEr-Auco-implantedsamples,thattakesinto
accountboththeradiativeandthenon-radiativelifetime.Wsrepresentsthesensitization
rateanddescribestheeffectiveincreaseintheexcitedErpopulationduetothesensitization
processfromtheAuNCs.Wsisproportionaltothephotonflux(φ)andcanbewritteninthe
formWs=σeffφ(fsNEr−N

∗s
Er),whereσeffistheeffectivecross-sectionwhenErionexcitation

ismediatedbytheAusensitizers,andfsisthefractionofthetotalpopulationofoptically
activeErions(NEr)thatcanbeindirectlysensitizedbytheAunanoclusters.Bytakingthe
steady-statesolutionofequation(4.9)andconsideringthattheErluminescentintensityis
proportionaltotheexcitedErpopulation(i.e.,IPL∝N

∗s
Er/τradwithτradtheradiativelifetime

oftheErexcitedstateintheEr-Auco-implantedsamples,differentfromtheonedetermined
forErdopedsilica)theErPLintensitywillbegivenbytheequation:

IPL(φ)∝fsNEr
τ

τrad

σeffφ

1+σeffτφ
=fsNErQ

σeffφ

1+σeffτφ
. (4.10)

Q=τ/τradisthequantumyieldoftheEremissiontransitionat1540nmintheEr-Auco-
implantedsamples. Theeffectivecross-sectionσeffforErsensitizationcanbeestimatedby
fittingtheexperimentaldatawithequation(4.10). AsanexampleinFig.4.10(a)thePL
intensityisplottedasafunctionofthephotonfluxofthesamplesEr1Au1-N720,Er1Au5-
N620andEr1Au10-N600.Thesolidlinesarethebest-fitresultsaccordingtoequation(4.10).
Theeffectivecross-sectionsestimatedforallthe“best-performing”samplesarereportedin
Table4.1.ThenumericalresultshavebeencalculatedbyusingtheEremissionlifetimesτeff
reportedinFig.4.9.ThedataareplottedinFig.4.10(b)versusthe[Au]/[Er]concentration
ratio. AsinFig. 4.8,differentsymbolsareusedtoindicatethesamplesannealedinN2
atmosphere(graydots),inAr+H2atmosphere(reddots)andsampleswithalowerErcontent
(opencircles).Thedashedlinehastobeusedasaguidefortheeye.ThedatainFig.4.10(b)
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(a) (b)

Figure4.10:(a)PLintensitymeasuredat1540nmasafunctionofthephotonfluxofthesamplesindicated
inthelegend.Themeasurementshavebeenperformedwithout-of-resonanceexcitationat476.5
nm.Thecontinuouslinesarebest-fitstothedataaccordingtothemodeldescribedinthetext.
(b)Effectivecross-sectionsmeasuredat476.5nmasafunctionofthe[Au]/[Er]concentration
ratio. ThevalueswereestimatedfromthesamplesthatexhibitthemaximumPLemissionof
eachsampleseries. ThedifferentsymbolsindicatesamplesannealedinN2atmosphere(gray
dots),inAr+H2atmosphere(reddots)andsampleswithalowerErcontent(opencircles),
respectively.Thedashedlineisreportedasaguidefortheeye.

showthatthetrendofσeffasafunctionofthe[Au]/[Er]concentrationratioisnotmonotonic:
amaximum(oftheorderof8×10−18cm2)isobtainedforaconcentrationratio[Au]/[Er]of
about5.

4.4.5FractionofsensitizedErionsandAuNCsvolumeofinteraction

Forresonantpumpingconditions(atλ=488nm),theexcitationoftheErionsmayoccur
throughtwopaths:indirectly,mediatedbytheenergy-transferfromtheAuNCsensitizers
anddirectlybythepumpingbeamthroughthe4I15/2→

4F7/2Er
3+transition.Toaccountfor

thesetwomechanisms,thePLemissionintensityat1540nmmeasuredbyexcitationat488
nmcanbewrittenasafunctionofthephotonfluxas:

IPL(φ)∝fsNErQ
σeffφ

1+σeffτφ
+fdNErQσφ. (4.11)

Thefirsttermintheright-handsideofequation(4.11)describesthecontributiontothePL
signalarisingfromthefractionfsoftheopticallyactiveErionsindirectlysensitizedbytheAu
nanoclusters,whilethesecondtermisintroducedtotakeintoaccountthedirectexcitation
oftheremainingfractionfd(fs+fd=1).Inthiscasethesensitizedfractionisindicatedas
fstodistinguishitfromthecorrespondingvalueinequation(4.10),sincedifferentsensitized
fractionshavebeenestimatedforresonantandnon-resonantErexcitationconditions. The
explanationofthisresultwillbediscussedindetailfurtherinthetext.σeffistheeffective
cross-sectionofthesensitizationprocessforexcitationat488nm.Sincetheenergy-transfer
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Table4.1:FittingresultsaccordingtothemodeldescribedinthetextoftheEr-Auco-implantedsamples
annealedattheconditionscorrespondingtothehighestPLemissionat1540nm.Nistheaverage
numberofAuatomsperclusterasestimatedbylinearinterpolationoftheEXAFSresults.

Samples [Au] N σeff(476.5nm) fs fs fd Q Rint Rint
[×1020at/cm3] [×10−18cm2] [%] [%] [%] [%] [nm] [nm]

Er1Au0.5-N700 0.43 9±3 3.4±0.8 0.50 0.39 99.61 25.70 0.65 0.61

Er1Au0.5-H700 0.43 9±3 2.4±0.2 0.75 0.50 99.50 73.04 0.74 0.65

Er1Au1-N720 1.0 12±4 3.6±0.2 1.00 0.74 99.26 72.92 0.69 0.63

Er0.7Au1-N720 1.0 12±4 2.7±0.2 1.64 1.28 98.72 33.54 0.80 0.74

Er1Au5-N620 4.3 16±6 7.1±0.8 0.29 0.16 99.84 50.54 0.43 0.41

Er0.7Au5-N620 4.3 16±6 8.0±1.1 0.26 0.16 99.84 43.62 0.42 0.40

Er1Au10-N600 9.6 20±10 3.9±0.5 0.73 0.51 99.49 30.28 0.50 0.48

Er1Au10-H600 9.6 11±4 2.9±0.3 1.02 0.67 99.33 27.48 0.40 0.38

processfromtheAuNCstotheErionswasdemonstratedtobemediatedbythebroad-band
interbandabsorptiontransitionsoftheAunanoclusters(seeRef.[39]),σeffcanberelatedto
thevalueestimatedat476.5nm(σeff)consideringtheexpressionσeff=(α/α)σeffwithα
andαbeingtheabsorptioncoefficientsat488nmand476.5nm,respectively.Forthesamples
understudyaratioα/α=0.87wasestimatedbyUV-VISabsorptionmeasurements.σisthe
intrinsicemissioncross-sectionoftheEr3+ionsforthe4I13/2→

4I15/2transition.
Asanexample,inFig.4.11isreportedthePLintensitymeasuredat1540nmasafunction
ofthephotonfluxofthesampleEr1Au1-N720(reddots)forexcitationat488nm.ThePL
signaloftheEr800referencesampleisalsoreported(graydots).InthiscasethePLemission
increaseslinearlywiththephotonfluxinthewholerangeexploredanditbehavesaccording
tothefollowingexpression:

I∗PL(φ)∝NEr
τ∗

τ∗rad
σφ=NErQ

∗σφ (4.12)

whereQ∗=τ∗/τ∗radisthequantumyieldoftheEr800referencesample.Areasonableestima-
tionofQ∗=0.76canbeobtainedconsideringthemeasureddecaytimeoftheEr800reference
sampleandusingforτ∗radthevalueof14.1msasgivenbyPolmanetal.inRef.[8].
ToquantitativelyanalyzetheexperimentalPLdataanddeterminethemorerelevantpa-
rameters(sensitizedfractions,quantumyield,interactiondistance),itisnecessarytohavean
independentestimationoftheintrinsicemissioncross-sectionoftheEr3+ions,σ.Duetothe
lowErconcentrationinthesamples(below1%at.)andthereducedthicknessoftheErcon-
taininglayer(about70nm)adirectmesurementofσisdifficult.Nodeviationfromthelinear
trendandsaturationeffectwasobservedinthemeasurementsofthePLemissionintensity
asafunctionofthephotonfluxoftheEr800referencesampleuptothehighestfluxvalues
achievable.NonethelessanindirectestimationofσcanbeobtainedapplyingtheFuchtbauer-
LadenbergapproachtotheanalysisoftheEr3+emissionspectrum[46],asdescribedinsection
1.3.6.TheinsetinFig.4.11showstheroomtemperaturePLemissionspectrumoftheEr800
referencesample.BytheFuchtbauer-Ladenberganalysisσ=4.4×10−21cm2wasobtainedthat
isinreasonableagreementwiththecross-sectionvaluesdeterminedwithdifferentmethods
forvariousEr-implantedphotonicmaterials[8]. Asitwasexpectedthevalueofσisvery
lowandmorethanthreeordersofmagnitudelowerthantheeffectivecross-sectionforEr
ionssensitizationthroughenergy-transferestimatedfortheEr-Auco-implantedsamples(see
Table4.1)
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Figure4.11:PLintensitymeasuredat1540nmasafunctionofthephotonfluxofthesamplesEr1Au1-N720
(reddots)andtheEr800referencesample(graydots).Themeasurementshavebeenperformed
withresonantexcitationat488nm.Thecontinuouslinesarebest-fitstothedataaccordingto
themodeldescribedinthetext.Thereddashedlinerepresentstheestimatedcontributionto
thetotalPLsignalofthesensitizedErfractionintheEr1Au1-N720sample.
Inset:RoomtemperaturePLspectrumoftheEr800referencesample.

GiventhatthemeasurementsofPLintensityversusphotonfluxofalltheinvestigated
sampleshavebeencollectedwiththesameacquisitionparametersasthoseusedfortheEr800
referencesample,forthequantitativeanalysisofthePLintensityasafunctionofphoton
fluxat488nm,itwaschosentoperformbest-fittingsoftheexperimentaldataofthedifferent
Er-Auco-implantedsamplesnormalizedtothatoftheEr800reference.Thisapproachhasthe
advantageofreducingthenumberoffreefittingparametersandasaconsequenceofstrongly
improvingthestabilityofthefittingalgorithmprovidingmoreaccurateresults. Thus,the
followingexpressionwasused:

IPL(φ)

I∗PL(φ)
=fs

σeff
σ

Q

Q∗
1

1+σeffτφ
+fd

Q

Q∗
(4.13)

withfsandQastheonlyfreeparameters(fs+fd=1).Asummaryoftheobtainedresults
foralltheinvestigatedsamplesisreportedinTable4.1.TheredsolidlineinFig.4.11isthe
best-fitresulttothedataofsampleEr1Au1-N720.Thereddashedlineshowsthecontribution
tothetotalPLsignalarisingfromthefractionofErionsindirectlysensitizedthroughenergy-
transferbytheAuNCs,i.e.,thefirsttermineq.(4.11).Itisworthnotingthatafurther
assumptionisimplicitlydonewhenusingequation(4.13)forfittingtheexperimentaldata,
i.e.,thatthenumberofopticallyactiveErionsintheEr800referencesample(NEr)doesnot
changeasaconsequenceofthesubsequentimplantationofgold,sobeingreducedinequation
(4.13).Thishypothesisisquiteplausiblefortheanalyzedsamples,whichwereallannealedat
thetemperaturesthatinducethehighestPLemissionforthedifferentsampleseries(above
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500◦Cinallthecases).Therefore,itisassumedthatsuchannealingtreatmentsmaybeable
torestorethenumberofopticallyactiveErionstotheinitialvalueintheEr800reference
sample.Differently,ifthisisnotthecase,theonlyparameteraffectedbythisassumptionis
thequantumyield,Q(seeTable4.1),thatwouldbeunderestimatedandcanbeconsideredas
alowerlimit.AnimportantresultthatemergesfromthedatainTable4.1isthatforallthe
investigatedsamplestheestimatedsensitizedfractionsareverysmall,below1%.Thismeans
thatinspiteoftheveryhighsensitizationcross-sectionsdemonstrated,thenumberofErions
thatcanbeefficientlyexcitedthroughtheenergy-transferfromtheAunanoclustersisindeed
muchlimited. Moreover,inallcasesthesensitizedfractionsestimatedforout-of-resonance
pumpingconditionsresulthigherthanthevaluesobtainedatresonantexcitation(fs>fs).
Thephysicalexplanationofthisresultisgivenindetailinthefollowing.Theotherparameter
thathasbeenestimatedwiththefittingproceduredescribedaboveisthequantumyieldof
theEremissiontransitionQ.Theresultsrevealthatthisparameterisstronglydependenton
the[Au]/[Er]concentrationratio.InparticularaquantumyieldsQ>70%isestimatedfor
theEr1Au1-N720samplethathasthehighestPLenhancementfactor.Interestingly,thesame
resultisobtainedfortheEr1Au0.5-H700samplewhilethecorrespondingsamplethermally
treatedinnitrogenatmosphere(Er1Au0.5-N700)hasavalueofQafactorof3lower. No
effectrelatedtotheannealingatmosphereinsteadappearsforthesamplesoftheEr1Au10
seriesthatshowinbothcasesalowquantumyieldofabout30%.

InthelasttwocolumnsinTable4.1theinteractiondistancesestimatedforexcitationat
476.5nm(Rint)and488nm(Rint)arereported.Theestimationoftheinteractiondistances
wascarriedoutconsideringarandomdistributionofErionsandAuclustersinthesamples;a
quantitativeestimationoftheinteractionvolumeVint(i.e.,thevolumecontainingthefraction
fsofErionsexcitedthroughtheenergy-transferfromtheAusensitizers)canbeobtained
accordingtotherelation:

Vint=
fsN

[Au]
=
4π

3
(Rc−Rint)

3 (4.14)

where[Au]isthegoldconcentrationinthesamplesandN istheaveragenumberofAu
atomsperclusterdeterminedbyEXAFSanalyses. AlinearinterpolationoftheEXAFS
resultsobtainedatfixedannealingtemperatureasafunctionoftheAuimplantationfluence
hasbeendonetodetermineN foralltheinvestigatedsamples. Theresultingvaluesare
reportedinTable4.1.Theratio[Au]/NthusrepresentstheAuclusterconcentrationinthe
samples. Thesecondequalityinequation(4.14)canbeusedtodeterminetheinteraction
radiusRintbetweentheAunanoclustersandtheErionsassumingtheinteractionvolume
asasphericalshellaroundtheAunanocluster.Rintrepresentsthemaximumdistancefrom
theAunanocluster’ssurfaceatwhichanErioncanbesensitized.RcistheaverageAu
clusterradiuscalculatedaccordingtotherelation:Rc=Ra

3
√
N (Ra=0.1505nmisthe

averageradiusofanAuatominthecluster)[39].Theinteractionradiideterminedwiththis
methodfromthedifferentsamplesinvestigatedinthepresentworkarereportedinTable4.1.
Forallthesamplestheresultingvaluesareintherange0.4-0.8nmdemonstratingthatthe
energy-transferprocessfromtheAuNCstotheEr3+ionsisindeedaninteractionmechanism
occurringatveryshort-range.

Furthermore,shorterinteractiondistancesweredeterminedforexcitationat488nm(Rint
inTable4.1)withrespecttothevaluesestimatedat476.5nm(Rint). Numerically,thisis
duetothefactthatthesensitizedfractionsestimatedfromtheanalysisofPLdatameasured
at488nmresultsmallerthanthoseevaluatedat476.5nmforalltheinvestigatedsamples.
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Figure4.12:Schematicrepresentationofthesensitizationefficiency(ηs)asafunctionoftheradialdistance
rbetweentheAunanoclusterandtheEr3+ion.εdistheefficiencyfordirectexcitationof
theEr3+ionsthroughabsorptionofthe488nmpumpingbeam.RintandRintareinteraction
distancesestimatedforin-resonance(atλ=488nm)andout-of-resonance(atλ=476.5nm)
excitationconditions.Distancesarenotinscale.

Fromthephysicalpointofview,atentativeexplanationofthisresultissketchedinFig.4.12.
Forout-of-resonancepumpingconditions(at476.5nm)theErionsareexcitedindirectly
throughtheenergy-transferfromtheAunanoclusters. Theefficiencyofthisprocess(ηs)is
veryhighduetothelargeeffectivecross-sectionforindirectsensitization,butitisexpectedto
decreasemonotonicallybyincreasingtheradialdistancebetweentheAunanoclusters’surface
andtheErions(atypicalr−6dependencecanbeconsideredfordipolarinteractionswhile
anexponentialdecaywouldbeexpectedforexchangemechanisms[77,78]). Conversely,for
resonantpumpingconditions(at488nm)theexcitationoftheErionsoccursbothdirectly
throughtheabsorptionoftheincomingphotonsbytheErionsandindirectly,mediatedby
theenergy-transferfromtheAusensitizers. Theefficiencyofdirectexcitation(ηd)ismuch
lowerthanηs(σ<<σeff)butcanbeconsideredconstantacrossthesample. Therefore,at
distancesfromthesurfaceoftheAuNCsatwhichtheefficiencyforindirectsensitizationofthe
Erionsbecomessmallerthantheonefordirectexcitation(ηs(r)<ηd),thedirectexcitation
mechanismprevails.TheinteractionradiusdeterminedfromtheanalysisofPLmeasurements
performedat488nm(Rint)canbeinterpretedinthisframeworkasanestimationofsuch
crossing-point. Atnon-resonantpumpingconditionsontheotherhand,duetothelackof
othercompetitivemechanismsalsotheErionslyingatdistancesfromtheAunanoclusters’
surfacecorrespondingtothetailsoftheefficiencycurvecontributetothePLsignalgiving
risetolargersensitizedfractionsandinteractionradii.
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4.4.6 Multi-lineexcitation

TheresultsreportedinthissectiondemonstratedthatAuNCsformeduponionimplantation
andthermaltreatmentsareveryefficientsensitizingagentsforErexcitationandactingon
theimplantationandannealingparametersitispossibletogainuptooneorderofmagnitude
ofimprovementintheErPLemissionatλ=1540nm. Ontheotherhand,themechanism
ofsensitizationhasbeendemonstratedtobeanon-resonantenergy-transferprocessfromthe
AunanoclusterstotheErionsmediatedbythebroad-bandinterbandabsorptionoftheAu
nanoclusters.

Figure4.13:PLemissionat1540nmasafunctionoftheannealingtemperatureofsamplesEr1Au1-Nfor
thethreedifferentpumpingconditions:inresonance(488nm),out-of-resonance(476.5nm)and
multi-lineexcitation.Theintensitieshavebeennormalizedtothelaserpowerat488nm.

Thereforeitisworthtostresstheimportanceofbroad-bandpumpingtogainfurtheren-
hancementsoftheEremissionefficiency.Thishasindeedimportanttechnologicalentailments
forthepossibleapplicationsofthesesystemsinoptoelectronicdevices.Tothisaim,inFig.
4.13itisreportedthePLintensityasafunctionoftheannealingtemperatureoftheEr1Au1-
Nsamples,obtainedwithdifferentpumpingconditions:resonantexcitation(atλ=488nm),
out-of-resonancecondition(atλ=476.5nm)andmulti-linepumping.Inthelastcaseallthe
emissionlinesoftheArlaserhavebeenusedatthesametimetomimicapossiblecontinuous
broad-bandpumpingscheme.Toquantitativelycomparetheintensities,duetothedifferent
powerofthelaseratthedifferentemissionwavelengths,thePLsignalshavebeennormalized
tothelaserpowerat488nm. Thesamebehaviourisobservedforallthesampleseries:a
slightlyhigherPLemissionat1540nmisdetectedatalltheannealingtemperaturesforout-of-
resonancepumpingconditionswithrespecttoresonantexcitation,duetotheslightlyhigher
absorptioncross-sectionoftheAuclustersatλ=476.5nmwithrespecttoλ=488nm.Such
effectisstronglyamplifiedwhenthemulti-linepumpingisused,withanincreaseofmorethan
afactoroftwointhePLpeakintensity,thatresultsinthiscaseinanamplificationoftheEr
emissionsignalof17timeswithrespecttothereferencesample.
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4.5ImplantationdamageeffectsontheEr3+luminescencein

silica

AftertheinvestigationontheEr3+photoluminescencepropertiesinthepresenceofAuNCs,
animportantpointthatisstillopenconcernsthepossiblesynergisticroleofthedefects
inducedinthesilicamatrixbytheAuimplantationontheEremission.Indeed,whenanion
isimplantedinasubstrateawealthofcomplexdefectiveand/orchargedconfigurationsare
generatedalongthecollisionalcascade.Thephysicsandthermodynamicsofsuchdefectsand
theirinteractionsunderthermalannealingcanlargelyinfluencethefunctionalpropertiesofthe
system.Inparticular,theycouldinprincipleaffectboththerare-earthsensitizationprocess
anditsluminescencequenching. Theaimofthepresentsectionisthereforetoinvestigate
thisaspect,bydecouplingthesensitization mechanismtriggeredbythe molecule-likeAu
clustersfromthedefectscreationduringAuimplantation. Forthisreason,ErandXeco-
implantationshavebeenperformedfollowingthesameparametersusedtoproducetheEr-Au
co-implantedsamples.Xehasbeenchosenasco-dopantinordertoreleasetothesilicamatrix
animplantationdamageassimilaraspossibletothatinducedbyAuimplantation[72].

4.5.1Samplesynthesis

SilicaslabshavebeenimplantedwithErionswiththesameparameterschosenintheprevious
sectionforthereferencesampleEr800.Thesamplewasthenannealedat800℃ for1hour
inN2atmosphereandasubsequenttripleenergy(150,90and50keV)Xeimplantation
hasbeenperformedtooverlaptheErdepthconcentrationprofile. Theimplanteddosewas
(7.8±0.9)×1015Xe+/cm2,inordertohaveandexpectedimplantationdamageonErimplanted
silicasimilartotheoneinducedbytheAu+implantationwiththehighestinvestigateddose
(sampleslabelledEr1Au10intheprevioussection).Accordingtosimulationsobtainedwith
theSRIM-2008code[48],ithasbeenevaluatedthatattheenergiesfortheXeimplantationthe
nuclearandelectronicenergylossesofXeinsilicaareabout30%lowerthanthecorresponding
quantitiesforAuinsilica.Thereforetobetterreproducetheimplantation-induceddamagea
Xefluenceabout30%higherwithrespecttotheAuonewasused,resultinginaXe/Erratio
ofabout12.TheEr-Xeco-implantedsampleswereannealedfor1hourinN2atmospherein
thetemperaturerange300–800℃.

4.5.2PLmeasurements

InordertoevaluatetheeffectofXeimplantationontheEr3+emissionproperties,boththe
PLintensityandthelifetimeoftheEr3+radiativetransitionat1540nmoftheEr-Xeco-
implantedsampleshavebeenmeasuredandcomparedtothecasewithoutXeimplantation.
PLmeasurementwereperformedwithresonant(atλ=488nm)andnon-resonantconditions
(atλ=476.5nm)withtheset-updescribedinsection1.3.1.Xeimplantationhavebeenper-
formedonsilicaslabspreviouslyimplantedwithErandannealedfor1hinN2atmosphere
at800℃.ForthisannealingconditiontheEr-implantedsamplesexhibitaPLintensityclose
toitsmaximumvalue.Nonetheless,afterXeimplantationunderresonantexcitationsuchlu-
minescentemissioniscompletelysuppressedandannealingtreatmentsattemperaturesabove
600℃arenecessarytorestoreit. Moreover,theannealingevolutionofthePLemissionafter
XeimplantationiscomparablewiththeonemeasuredfromtheEr-implantedsamples,as
showninFig.4.14. Ananalogousbehaviourisobservedalsofortheemissionlifetimes(see
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insetinFig.4.14(a)).Inthiscase,onlythesamplesannealedatthehighesttemperatures,
thatis700℃ and800℃,exhibitedasufficientlyintenseluminescentemissiontoprovide
reliableestimationsofthelifetimesfromtime-resolvedPLmeasurements.Forbothfluences
themeasuredlifetimesareclosetothoseobtainedintheEr-implantedsamples.

(a) (b)

Figure4.14:(a)PLintensityasafunctionofannealingtemperaturefortheEr-implanted(blacksquares)
andtheEr-Xeco-implantedsamples(redcircles). The measurementshavebeenperformed
withresonantexcitationat488nm. Theinsetshowsthecorrespondingemissionlifetimes.
(b)ComparisonofthetemperatureevolutionofthePLintensityat1540nmfortheEr-Xe
andEr1Au10co-implantedsamplesunderresonant(filledsymbols)andnon-resonant(open
symbols)excitation.

Asacomparison,inFig.4.14(b)ishavereportedthePLintensityasafunctionofthe
annealingtemperaturefortheEr-XeandtheEr1Au10co-implantedsamplesunderresonant
excitation(λ=488nm). Theresultsshowthedramaticallydifferenttemperatureevolution
exhibitedbytheEr-Auco-implantedsampleswithrespecttothatofEr-Xeco-implanted
ones.FortheEr1Au10co-implantedsamples,thePLintensityisenhancedbytheformation
ofultrasmallAuclusters(occurringuptoT=600℃)thatviashort-rangenon-radiative
couplingsensitizetheEr3+emissionat1540nm,asalreadydiscussed. Moreover,whenthe
clustersizebecomeslargerthan10–20atoms(duetoclustergrowthatT>600℃)thePL
intensitydecreasestovaluescomparabletothoseofEr-Xeco-implantedsamples,inwhichthe
energy-transferprocessdoesnotoccur.Thisresultinparticularsuggeststhatthecontribution
oftheimplantationdefectsasthemainsourceofenergy-transfertoEr3+ionscanberuled
out.

IndeedtogetdeeperinformationontheluminescentbehaviourofEr-Xeco-implantedsam-
ples,PLmeasurementshavebeenalsoperformedinout-of-resonanceexcitationcondition(at
λ=476.5nm). AscanbeseeninFig.4.14(b),inthewholerangeofannealingtempera-
turesnoevidenceof1540nmPLemissionhasbeendetected. Thiscanbeconsideredasa
conclusiveevidenceoftheabsenceofanyenergy-transferprocess(attheexploredexcitation
wavelengths)intheXe-implantedsamples,contrarytowhatwasfoundfortheAu-implanted
samples.Therefore,thepresentresultfurthersupportstheconclusionthatmolecule-likeAu
clustersarerequiredtoachieveabroadbandenergy-transfertoEr3+ions[36,39,73].
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4.5.3Structuralcharacterization

ToevaluatethestructuralsimilaritybetweenXe-implantedandAu-implantedErco-doped
silicalayersthemorphologicalandcompositionalcharacterizationofthesampleswasper-
formedincross-sectionbyTransmissionElectron Microscopy(TEM)withaFEITECNAI
F20(S)TEMfield-emissiongun(FEG)microscopeoperatingat200keV,equippedwithan
EDAXenergydispersivex-rayspectrometer(EDS)forcompositionalanalysisandaScanning
TEM(STEM)attachmentwithahigh-angleannulardetectorfordarkfieldSTEMimaging
(HAADF-STEM).

Figure4.15:(a)Cross-sectionalHAADF-STEMimageoftheEr-Xeco-implantedsampleannealedat800℃;
(b)BF-TEMcross-sectionoftheEr1Au10sampleannealedat800℃.

Figure4.15(a)showsthecross-sectionimageoftheEr-Xesampleannealedat800℃takenin
STEMhigh-angleannulardarkfield(HAADF-STEM)mode. Withthistechniquetheimage
contrastisproportionaltotheatomicnumber;thereforethebrightspotsbelowthesurface
canbeinterpretedasXeclusters(bubbles)withthesizeofabout2nm.Nolatticefringescan
bedetectedinhigh-resolutionmode(HR-TEM)nordiffractionringswithelectrondiffraction,
indicatingclearlythatXeaggregatesareamorphousclustersorgasbubbles.Aspointedout
byOlivieroetal.inRef.[79],largeXebubblescanbeformedinsilicaunderhighfluenceXe
implantation(above1016ions/cm2);theirformationisgenerallyattributedtothelowsolubility
ofnoblegasatomsinsilicahostwhichthereforetendtosegregateinthedamagedmatrix.
TherelativelylowsolubilityofXeisalsotypicalofAuinsilica.Forcomparison,Fig.4.15(b)
showsthebright-field(BF-TEM)cross-sectionimageofthesampleEr1Au10annealedatthe
sametemperature.CrystallinesphericalAunanoclustersweredetectedwithsize1.6±0.5nm,
i.e.,verysimilartothatoftheXebubblesoftheEr-Xesample.

4.5.4EXAFSmeasurements

ToinvestigatethenatureoftheimplantationinduceddamageontheErsite,EXAFSanalyses
attheErabsorptionedgewereperformedtocorrelatethePLresultswiththeevolutionofthe
localatomicstructurearoundErions(detailsontheexperimentalset-upcanbefoundinRef.
[72]).TheEXAFSspectraoftheEr-Xeco-implantedsamplesarereportedinFig.4.16(a)and
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comparedwiththespectrumofthereferencesampleEr800withoutXeimplantation;inFig.
4.16(b)theFouriertransform(FT)moduliareshowntogetherwiththebest-fitcurves.For
allthesamples,theEXAFSsignal-dampedathighkvalues-istypicaloflightbackscatterers,
i.e.,mainlyoxygeninthiscase. TheEXAFSspectrashowsomedifferencesinthek=5.5–8
Å−1region:inparticular,inthisrangethesignaloftheas-implantedsampleisverylow,
whileitprogressivelyincreasesathigherannealingtemperatures.Correspondingly,themain
peakoftheFouriertransformmodulusrelatedtotheEr-Ocoordination(Fig.4.16(b))is
highlyasymmetricfortheas-implantedsample,whiletheshoulderonitsright-handside(at
R∼2–2.5Å)progressivelyfadesawayathighertemperatureleadingtoanalmostsymmetric
peakuponannealingat800℃.

Figure4.16:EXAFSspectraoftheEr-Xeco-implantedsamples,comparedtothespectrumoftheEr800
referencesample;(b)k2-weightedFouriertransform(intherangek=2–8Å−1) moduli(full
circles)andfits(solidline)ofthespectrain(a).

ToproperlyfitthefirstshellEXAFSsignal,includingtheshoulderontheright-handside,
twodifferentcoordinationshavetobeconsidered:infact,theuseofanasymmetricdistance
distributionalonefailedtoreproducetheexperimentaldata.Theshortercoordinationisthe
dominantsignalandcomesfromthenearestOshell;thesecondoneisresponsibleforthe
shoulderofthefirstpeakintheFouriertransformmoduli,andisrelatedtoalightbackscat-
terer,suchasSiand/orO.Thissignalisaminorpartofthewholefirstshellcontributionto
theEXAFSspectrum,sothedataanalysisalonecouldnotleadtostrongconclusivearguments
aboutthenatureofthebackscatterer(OorSi,orevenacoexistenceofboth).Nevertheless,
consideringthatthissecondcontributiontothefirstshellisthermodynamicallyunstable(it
vanishesathighannealingtemperature)andtheionimplantationprocessdeterminesade-
pletionofOatomsintheimplantedregionfavoringtheformationofdopant-Sibonds,this
contributiontothefirstshellismorelikelyduetoSiatoms.Similarlytothiscase,ithasbeen
shownthatthelocalsiteofErionsco-implantedwithOincrystallineSiexhibitamainEr–Si
coordinationthatisprogressivelysubstitutedbythemorestableEr–Ocoordinationupon
annealing[80](asacomparison,theheatofformation∆HfofEr2O3is1898kJ/mol[81],
withrespectto∼85and∼63kJ/molofErSiandErSi2,respectively[82]).Anotherfactthat
supportsthispictureisthatafirstattempttofitthefirstshellexperimentaldatawithO
atomsattwodifferentdistancesledtoaDebye-Wallerfactorhigherforthespectraofthe
samplesannealedathighertemperature,thatisunlikelytohappen.

Forthefirstshell,theresultsoftheEXAFSanalysesarereportedinTable4.2,inthe
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Table4.2:ResultsoftheEXAFSanalysisforthefirstshellforEr-XeandEr800samples;Nisthecoordination
number,Rtheinteratomicdistance. TheDebye Wallerfactorσ2hasbeensetto(13±2)×10−3

ÅforallthesamplesandforbothO–andSi–coordination,asestimatedbythefirstshellfitting
ofthespectrafromthe800℃ annealedsamples.InlastcolumnthePLintensitymeasuredunder
resonantexcitationisreported.

Sample Temp. Ocoordination Sicoordination PLIntensity
[℃] N R[Å] N R[Å] [Arb.u.]

Er-Xe - 4.9±0.6 2.18±0.02 1.8±0.5 2.69±0.04 -

Er-Xe 300 4.8±0.6 2.18±0.02 1.5±0.5 2.71±0.04 -

Er-Xe 500 4.7±0.6 2.16±0.02 1.3±0.5 2.72±0.04 0.2±0.05

Er-Xe 600 4.9±0.6 2.16±0.02 1.0±0.5 2.79±0.04 0.5±0.1

Er-Xe 700 4.9±0.6 2.14±0.03 1.0±0.7 2.72±0.07 1.5±0.2

Er-Xe 800 5.7±0.6 2.17±0.02 0.5±0.6 2.84±0.09 2.3±0.2

Er800 800 5.6±0.6 2.17±0.02 0.5±0.5 2.79±0.06 2.6±0.2

lastcolumnthemeasuredPLintensityisalsoreported.Fortheas-implantedEr-Xesample,
theaverageErsiteiscomposedofabout5Oatomsandabout2Siatoms. TheEr–O
distanceissignificantlyshorterthanintheEr2O3andEr2Si2O7crystals(whereR=2.23–2.31
Å),butitisintherangeofdistancesusuallyobservedforEr-dopedsilica-basedsystems
[43,83,84],especiallywhenthesynthesisconditionsarefarfromequilibrium. Moreover,the
Er–SidistanceissignificantlyshorterthaninEr–silicidecrystals(about3.00ÅinErSi2and
2.80–3.17ÅinErSi);nevertheless,theoreticalanalysisonEr+O–dopedcrystallineSiindicates
Er–OandEr–Sifirstshelldistancesof2.18Åand2.60Å,respectively,ingoodagreement
withthevaluesfoundinthepresentcase[85].Upontheincreasingtemperatureannealing,the
numberofOatomsinthefirstshellincreases,andErionsreachpracticallythefulloctahedral
coordination,i.e.thestandardsix-foldcoordinationofEr3+incrystalswithannealingat
T=800℃;correspondingly,thenumberSiatomsinthefirstshellsignificantlydecreasesand
becomesnegligiblefortheEr-Xeco-implantedsampleannealedat800℃(seeTable4.2).Thus,
thepresenceofbothSiandOatomsinthefirstshell(observedforannealingtemperatures
below800℃)likelysuggeststhattheelectronicconfigurationaroundtheErsitemaybe
differentfromthatofErionsoctahedrallycoordinatedwithjustOatoms. Moreover,the
EXAFSsignalsfromthereferencesampleandtheEr-Xeco-implantedsamplebothannealed
at800℃,areidentical(seeFig.4.16(a)andTable4.2).TheseresultsindicatethattheEr–
SicoordinationinthefirstshellisrelatedtothedefectsformeduponXeimplantation:at
hightemperatureannealingthematrixandtheErsiterecoverfromirradiationdamageand,
correspondingly,theEr–Sicoordinationvanishes,leavingonlytheoctahedralcoordination
withOatoms.

Inconclusion,fromTable4.2itcanbeseenthatgooddirectcorrelationcanbeestablished
betweenEr3+PLintensityandtheEr–Ocoordinationnumber,indicatingthatintheabsence
ofsensitizingspecies,themaincontributiontotheEr3+PLintensityat1540nmcomesfrom
aproperlystructuredEr3+environment,i.e.,whenthefullyoctahedralconfigurationofthe
oxygenatomsaroundeachErbiumionisreconstructedbythethermalannealing,withthe
consequentfadingoftheEr–Sifirstshellcontribution,provenbytheobservationthattheXe-
implantedEr-dopedsilicarecoveriesaPLefficiency(bothintensityandlifetime)verysimilar
tothereferencesample(Er800).
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4.6 Conclusions

Theeffectofsub-nanometerAuclustersontheEr3+luminescenceat1540nminEr-Auco-
implantedsilicahasbeenelucidated.Ithasbeendemonstratedthattheenergy-transfermech-
anismcontrollingthesensitizationprocessofErionsinthepresenceofgoldsub-nanometric
clustersisanon-radiativeshort-rangeinteractionwithanestimatedcouplinglengthofthe
orderof0.5nm.Sincetheenergy-transferprocessismediatedbythebroad-bandinterband
absorptionofthesub-nanometerAuclusters,theEr3+excitationcanbeachievedbyusing
pumpingsourcesmoreconvenientthanlaserssuchasLEDsorwhitelightsources.
Exploring[Er]/[Au]concentrationratiosspanningovermorethanoneorderofmagnitude,
ithasbeendemonstratedthatwithanopportunepost-implantationthermaltreatmentanen-
hancementofthePLintensityofmorethanoneorderofmagnitudecanbeachieved.System-
aticphotoluminescencecharacterizationsperformedbothforresonantandout-of-resonance
Erexcitationconditionsrevealedthatthesensitizationmechanismischaracterizedbyalarge
effectivecross-section,morethanthreeordersofmagnitudelargerthattheintrinsiccross-
sectionforEremission. Furthermore,studyingtheimplantationdamageofXeionstothe
Er-dopedsilicasystems,thepossibilitythatmatrixdefectsbehaveasactivespeciesintheEr
sensitizationprocesshasbeenruledoutanditwasdemonstratedthattheoptimizationofthe
Erluminescentpropertiesinsilicaisconnectedtotherecoveryofthefirstshellfulloctahedral
coordinationofoxygenatomsaroundErions.





Generalconclusions

Thepresentthesisdealswiththeinteractionofplasmonicandpre-plasmonicnanostructures
withanemitterincloseproximity. Theinvestigationwascarriedoutfollowingdifferent
approaches(i.e.,plasmoniccouplingwithplanarinterfaces,interactionwithnanostructures
with2Dperiodicpatternandenergy-transferfrompre-plasmonicnoblemetalsub-nanometric
clusters),butalwayswiththeaimofinsertingtheexperimentalresultsintheframeworkof
neworexistingtheoreticalmodelsinordertobetterunderstandthephotophysicalnatureof
theinteraction.Thisapproachallowedthedevelopmentofpredictivemodelsthatcanbeused
inthedesignofnoveldevicesfordifferentphotonicapplications.

Inthisframework,thechoiceofErbium-dopedsilicaasemittingsourcewasdrivenbythe
greattechnologicalimportanceofthisrareearthinphotonicsandoptoelectronics.Inpartic-
ular,thestrategyadoptedwastoworkwithanemittingsystemasefficientaspossible.For
thisreasonthefirststepoftheresearchactivitywasdevotedtotheoptimizationoftheEr3+

PLpropertiesinsilica.ForthesynthesisoftheEr-dopedfilms,twodifferentfabricationtech-
niqueshavebeenused: magnetronco-sputteringandionimplantation. Thefirstapproach
inparticularallowsafinetuningofthethicknessofthedopedlayeranditsdistancefrom
thesurface,necessarytostudytheinteractionwiththinfilmsandnanoholearrayswhere
theseparationdistanceisacrucialparameter.Regardlessofthefabricationmethod,ahigh
temperatureannealing(above600℃)wasfoundtobenecessaryfortheactivationofthe
Er3+characteristicemissionat1540nm. Moreover,fortheco-sputteredsamplesithasbeen
observedthatanannealinginvacuumatmospherehasabeneficialeffectonthePLintensity
duetotheout-diffusionofquenchingspeciesfromthedepositedsilicalayer.FromPLmea-
surementsontheotherhandtheexcitationcrosssectionforEr3+insilicawasestimatedto
beoftheorderof10−21cm2.Itisworthnotingthatsuchlowvaluerepresentsoneofthe
mainlimitationstothedevelopmentofnewphotonicdevicesbasedonEr-dopedmaterials.An
additionallimitationmayderivefromthelonglifetimeoftheErbiumemission.TheErbium
4I13/2→

4I15/2transitionischaracterizedbyalifetimeofseveralmilliseconds:suchlongper-
manenceintheexcitedstatemakestherareearthsensitivetonon-radiativedecayprocesses
andinparticularlimitsthemaximumErconcentrationforanefficientemissionat1540nm.
Ithasbeenobserved,indeed,thatthemeasureddecayrateincreasesroughlylinearlywiththe
concomitantincreaseofErconcentration,decreasingthequantumefficiencyoftheradiative
process.Quantumefficienciesoftheradiativeemissionclosetotheunityhavebeenobtained
inthelimitofverylowErconcentration(ofabout0.1%at.),forwhichthenon-radiativedecay
rateresultsalmostnegligible.

Theinvestigationofthemodificationoftheopticalpropertiesofanemitterduetoprox-
imityofaninterfacedemonstratedthatastrongcontrolonthelifetimecanbeachievedby
varyingtheoverlayermaterialandthedistancefromtheinterface.Todescribethedecayrate
modificationdifferentcontributionshavetobetakenintoaccount:thevariationofthelocal
densityofstateduetothereflectionfromtheinterface,thecouplingoftheemittedradiation
withpropagatingsurfaceplasmonsonthemetal-dielectricinterfaceandthedissipationinthe
overlayer. Theexperimentalresultswerecomparedwiththetheoreticaldescriptionderived
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fromthemodelproposedbyChanceetal.,andanexcellentagreementhasbeenfoundbetween
thetheoreticalpredictionsandthemeasuredvaluesfordielectric(air),metallic(Au,Ag,Cr,
Ti)andsemiconducting(Si)overlayers,providinganusefultooltopredictthevariationof
thedecayrateandtochoosetheoptimumoverlayermaterialinthedesignofnewphotonic
devices.Inparticular,thehighestreductionoftheEr3+lifetime(upto1/3oftheinitial
value)hasbeenobtainedbyinteractionwithmetallicopticallythickfilms. Moreover,the
efficientcouplingbetweenEremissionat1540nmandpropagatingsurfaceplasmonsatthe
SiO2–noblemetalinterfacehasbeenproven,showingthatiftheSPPsareefficientlycoupled
out,theradiativeefficiencyoftheEr3+transitionat1540nmcanbefurtherenhanced.
Afurtherstepaheadintheimprovementoftheopticalpropertiesofanemitterwasobtained
whenanoblemetaloverlayerispatternedwitha2Dperiodicarrayofnanometer-sizedholes.
Acombinationofnanospherelithographyandreactiveionetchingofferedaconvenientand
versatilemethodforthefabricationofhighlyorderedNHAsonlargeareas.Theopticalproper-
tiesofthesesystemscanbetailoredsimplybyactingontheself-assemblingnanoparticlessize
andtheetchingduration.Ithasbeenproventhatbycouplingwithresonantandnon-resonant
goldNHAs,thedecayrateoftheErbiumradiativeemissionat1540nmcanbestronglyen-
hanced,particularlywhentheNHAEOTpeakmatchestheemissionwavelength. Moreover,
theinvestigationofthedependenceofthelifetimeshorteningonthedistancebetweenthe
emitterandtheplasmonicnanostructurehaspointedoutthatthecouplingisstrongerasthe
distancedecreases,especiallyforresonantNHAs.Theexperimentaldatahavebeencompared
withFEMsimulations,demonstratingnotonlyastrongcouplingoftheemittedradiationwith
propagatingSPmodes,butalsothatthedissipationinthegoldnanostructuresisnegligible,
sothatthehigherphotonfluxisallavailableinthefar-field. Theresultsrevealedthatthe
couplingofEr:SiO2thinfilmswithgoldNHAsoffersseveraladvantagesfortherealizationof
plasmonic-baseddevices.Infact,unlikethefilmgeometry,thesurfaceplasmonspropagating
onthemetal-dielectricinterfacearedirectlycoupledoutintofar-fieldradiationcontributingto
theoverallsignal. Moreover,theemittedradiationcanbecollectedfrombothsidesofaNHA
anditsangulardistributioncanbetailoredsimplybyactingontheholesperiodicity.Finally,
itisworthnotingthatNHAsareopticalfilterswhosetransmittedwavelengthisdetermined
bythelatticeparameterandacombinationofNHAswithdifferentperiodicityopensnew
prospectivesforthedesignofsmartexcitation-emissionconfigurations.
Furthermore,theenhancementofthephotoluminescencepropertiesofanemittercanbe
obtainednotonlyactingontheemissionprocess,butalsoincreasingtheexcitationcrosssec-
tion.Forthispurpose,aninterestingopportunityisrepresentedbythesensitizationeffectof
theultra-smallgoldclustersobtainedbyionimplantationontheEr3+emissionat1540nm.
Althoughsuchnoblemetalclustersaretoosmalltohavethecontinuousdensityofstatesnec-
essaryforplasmonexcitationstobesupported,nonethelesstheycanefficientlyinteractwith
nearbyemitters,absorbinglightthroughinterbandtransitionandtransferringsubsequently
totheemittertheenergynecessaryfortheexcitation.Ithasbeendemonstratedthatthe
energy-transferprocessfromtheAunanoclusters(AuNCs)totheErionsisashort-range
couplingmechanismanditcanbedescribedintheframeworkoftheFörsterenergy-transfer
theory.Long-rangeinteractioneffectsasthosemediatedbytheemissionofphotonsfromthe
AuNCssubsequentlyabsorbedbytheErionshavebeenruledout.Exploringtheinfluence
ofsizeanddensityoftheAuNCsontheEr3+PLintensityat1540nm,ithasbeenfoundout
thatindependentlyoftheinitialAuconcentrationinthesilicamatrixthehighestsensitization
effectoccurswhentheAuNCsaremadebyabout10–20atoms.TailoringtheAuimplantation
fluenceandthepost-implantationannealingnecessaryfortheAuclustering,anenhancement
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ofthePLintensityofmorethanoneorderofmagnitudehasbeenachieved. Moreovera
simplephenomenologicalmodelfortheErsensitizationmediatedbyenergy-transferfromAu
NCshasbeendevelopedthroughwhichtheeffectivecross-sectionandtheinteractiondistance
oftheenergy-transferprocesshavebeendetermined. Theresultsrevealedthatthesensiti-
zationmechanismischaracterizedbyalargeeffectivecrosssection,morethanthreeorders
ofmagnitudelargerthattheintrinsiccrosssectionforEremission. Nonethelessonlyalim-
itedfractionoftheErionscanbeindirectlyexcitedbyenergy-transferfromtheAuNCs.
Moreover,interactiondistancesoftheorderof0.5nmwereestimated,furtherconfirmingthe
short-rangecharacteroftheenergy-transfermechanism.AnadditionaladvantageoftheAu
NCssensitizationisthatthelightisabsorbedthroughbroad-bandinterbandtransitionin
metalclusters,thereforetheEr3+excitingcanbeachievedthroughnon-resonantpumping.
Thishasimportanttechnologicalentailmentsforthepossibleapplicationsofthesesystemsin
photonicandoptoelectronicdevices,exploitingbroad-bandpumpingsources.
Inconclusion,onthebasisofalltheobtainedresultsdiscussedinthisthesis,promising
opportunitiesinthedevelopmentofnovelandmoreefficientphotonicdevicescanbeforeseen.
Theresearchinthisfieldisfarfrombeingcompletedandmanyinterestingissuesforthefuture
researchcanbesuggested.ForinstancetheinvestigationofthecouplingofEr:SiO2thinfilms
withagraphenelayercouldleadtofurtherPLenhancementduetoitspromisingplasmonic
propertiesinthenear-IRregion. Adeepercomprehensiononmechanismsinvolvedinthe
emitter-NHAcouplingcancontributetothedevelopmentofafulltheoreticaldescriptionofthe
interaction.Concerningthemolecular-likemetalcluster,furtherinsightsintheunderstanding
ofthephotophysicalnatureofthesensitizationeffectcanbeobtainedbyadeeperinvestigation
ofthedynamicsoftheenergy-transfermechanismunderultra-shortlaserpulsesorbythe
explorationofothermetallicspeciesoralloys.
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