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Er3+/Tm3+共掺铋硅酸盐玻璃2.0μm光谱性质

房永征1,金文田1,赵国营1,赵敏媛1,廖梅松2

(1上海应用技术大学 材料科学与工程学院,上海201418)
(2上海应用技术大学 理学院,上海201418)

摘 要:用高温熔融法制备了Er3+/Tm3+ 共掺杂无铅铋硅酸盐玻璃.测试了玻璃的吸收光谱和荧光光

谱,分析和表征了Er3+、Tm3+离子之间的能量传递机制和传递效率,结果表明:在800nm和1550nm
光源泵浦下,Er3+的掺入能够增强Tm3+离子1.8μm发光,相应的最大发射截面分别为6.7×10-21cm2

和7.3×10-21cm2,荧光带宽达到250nm.根据Dexter-Foster模型,得到Er3+:4I13/2能级到Tm3+:3F4能

级的直接能量传递系数为16.8×10-40cm6/s,为1550nm泵浦下获得较强的1.8μm发光奠定了基础.
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Er3+SensitizedTm3+-DopedLead-freeBismuthSilicateGlass
for2.0μmFiberLasers
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Abstract:Er3+/Tm3+ codopedlead-free bismuth silicate glasses were successfully prepared by
conventionalmelt-quenching method.Theenergytransfermechanismandenergytransferefficiency
betweenEr3+andTm3+ionswereinvestigatedthroughabsorptionspectraandfluorescencespectra.The
resultsshowthattheTm3+:1.8μmemissionisenhancedbycodopingEr3+ionsupon800nmand1550
nmexcitation.Thecorrespondingmaximumemissioncrosssectionsareestimatedtobe6.7×10-21cm2

and7.3×10-21cm2onthebasisofFuchbauer-Ladenburgerequation,respectively.Simultaneously,both
valuesof1.8μmemissionbandwidthareabout250nm.Thedirectenergytransfermicroscopicparameter
ofEr3+:4I13/2→Tm3+:3F4processiscalculatedtobe16.8×10-40cm6/s.Thisphenomenonresultsinthe
relativelystronger1.8μmemissionusinga1550nmpumpingsource.
Keywords:Bismuthsilicateglass,Opticalproperties;Er3+/Tm3+co-doped;2.0μmLuminescence;1550
nmpump
OCISCodes:160.2750,160.0160,070.4790,260.2160

0 Introduction
Lasermaterialsoperatinginthemid-infraredregionhavebeengainingmuchinterestduetotheirwide

applicationin military,atmospherepollution monitoring,pharmaceuticaland medicalindustries[1-2].
Recently,significantthrusthasbeendrivenonRareEarth(RE)ionsdopedcrystalandamorphoussolid.
Amongthese,~2μmemittingTm3+ dopedglasspresentlyconsideredasoneofthemostpromising
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candidates[3].Tm3+ servesastheactiveionemitting1.8μmluminescenceassignedtothe3F4→3H6
transition,whichexhibitsthelowergaincrosssectionandshorterradiativelifetimethanHo3+[4].To
obtainintensivemid-IRemissionfromtheTm3+dopedglasses,theadditionoftheotherrareearthions
wasproposedastheenergysensitizer[5].ManystudieshavebeenconcerningonsomeTm3+/Yb3+co-doped
glass,suchastelluriteglass,fluorophosphateglassandbismuthglass[6-8].ExceptforYb3+ions,Er3+ions
havebeenusedtosensitizetheTm3+ionsduetotheirstrongabsorptionaround800nm,980nmand1550
nm[5,9].

Nowadays,agreatnumberofglasseshavebeenstudiedasmatrixmaterialforTm3+-doped,themost
relevantworkisstillfocusingonsilicaandsilicateglass[5,10-13].Amongallkindsofglasshosts,silicate
glassisqualifiedwithdistinguishthermalstability,excellentphysicalandchemicalproperites,strong
glass-formingtendencyandeasyfiber-drawingability.In2016,Yangetal.havereportedthe~2μmsingle
modelaserperformanceusingtheTm3+-dopedmulti-componentdoublecladdingleadsilicateglassfiber[14].
Liuetal.realized2μmlaseroutputfromTm3+-dopedleadsilicatedoublecladdingfiber

[15].Enhanced2
μmemissionfromEr3+/Tm3+co-dopedfluoridesilicateglassespumpedat800nmand980nmwerealso
observed[9].ItisnotedthattheMaximumPhononEnergy(MPE)ofsilicateglassreachesupto1100cm-1

whichisharmfultotheradiativetransitionofREinglass.
Givethattheabsenceofanytoxicspecies,thelead-freebismuthsilicateglass(SBT)appearsasan

interestingcandidateformid-infraredactivefiberlaserinourpreviouswork[16].Resultsdemonstratethat
theintroductionofBi2O3canefficientlyreducetheMPEofsilicateglasssystem.Thepresentworkmainly
aimstoinvestigatethe1.8μmemissiontransitionofTm3+ionsinas-designedglassmatrix,especially
whensamplesarepumpedby800nmand1550nmLaserDiode(LD).TheroleofEr3+co-dopingonthe
enhancementofTm3+emissionandpossibleenergytransfermechanismswerediscussedindetail.

1 Experimental
Thesetofglassusedinthispaperhasthefollowingnominalmolarcomposition:64SiO2-15Bi2O3-

5TiO2-8Na2O-8Li2O-0.3Tm2O3-xEr2O3(x=0,0.3,0.6,0.9,1.2designatedasT,E1T,E2T,E3Tand
E4T,respectively).The0.3mol%Er2O3singledopedsamplewasalsopreparedanddesignatedasE.The
rawmaterialswerepreparedfromhigh-puritySiO2,Bi2O3,TiO2,Na2CO3,Li2CO3,Er2O3andTm2O3
powder.Well-mixedrawmaterials(15g)wereplacedinanaluminacrucibleandmeltedat1150℃for30
mininanoxygenatmosphere.Bubblingdryoxygengasinmeltwasusedtominimizethehydroxylgroups.
Themeltswerequicklypouredintopreheatedstainless-steelmoldsandannealedfor2hneartheglass
transitiontemperature(Tg).Theannealedsamplewasfabricatedandpolishedtoasizeof20mm×10mm
×1mmforopticalpropertymeasurements.

RefractiveindicesweredetectedatroomtemperatureusingaMetriconModel2010/MPrismCoupler.
TheabsorptionspectrawererecordedwithaPerkin-ElmerLambda900UV/VIS/NIRspectrophotometerin
1-nmsteps.ThefluorescencespectraweremeasuredbyaTRIAX550spectrophotometerwith800nmLD
and1550nmLDastheexcitationsources.Allmeasurementswereconductedatroomtemperature.

2 Resultsanddiscussion
2.1 AbsorptionspectraandJudd-Ofeltanalysis

Theabsorptionspectraoftheglassesdoped
withEr2O3,Tm2O3andEr2O3/Tm2O3co-doped
inrangeof400-2000nmhavebeenpresentedin
Fig.1.Typicalabsorptionspectraoftheco-doped
samplescontainingdifferentconcentrationEr2O3
arecloselysimilar.Duetothesmallerintrinsic
energyband-gap,theultravioletvisibleabsorption
cut-offedgeofas-madesamples(412nm)shiftto
thelonger wavelengthsidebandincomparison
withthenormalsilicateglass(386nm)[11].This

Fig.1 Absorptionspectraofpreparedsamples
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ismainlycausedbythelowchemicalbondingstrengthofBi-Obond[2].
InFig.1,thecharacteristicsabsorptionbandscorrespondingtoEr3+,Tm3+ arelabeled.The

emergingthreeabsorptionbandsaround800nm,980nmand1550nmareassignedtoEr3+ions.Inoptical
absorptionspectrumofco-dopedglass,theshapeandpeakpositionsofeach4f-4ftransitionsremainalmost
unchangedascomparedtothesingledopedsample,whichconfirmsthesitesofEr3+,Tm3+ are
homogenousdistributedinbismuthsilicateglassnetworkwithoutclusterinthelocalsurrounding.The
mostintenseabsorptionbandsnear800nmand1550nmofEr3+inco-dopedsamplesuggestitcanbe
efficientlypumpedby800nmand1550nmLD.

Table1 J-OintensityparametersΩt(×10-20cm2)ofEr3+,Tm3+invarioussilicateglasses

Glass
Tm3+ Er3+

Ω2 Ω4 Ω6 Ω2 Ω4 Ω6
Reference

Silicate 3.31 1.21 0.48 3.8 0.6 0.3 [17,18]

Aluminumsilicate 3.36 1.25 0.75 3.91 0.67 0.17 [19,20]

Leadsilicate 4.51 0.69 0.74 4.72 1.19 0.85 [15,21]

Leadbismuthsilicate 2.92 1.26 0.92 3.92 1.10 0.78 [5]

Bismuthsilicate 3.17 0.36 0.54 [16]

Bismuthsilicate 3.41 0.38 0.67 4.76 0.92 0.83 Thiswork

  Basedontheabsorptionspectra(Fig.1),Judd-Ofelt(J-O)analysiswasappliedtoevaluatethe
importantspectroscopicandlaserparametersofEr3+,Tm3+ ions.Thephenomenologicalintensity
parameters(Ωt,t=2,4,6)inbismuthsilicateglasswereobtainedinTable1.WhenEr3+ionsare
introducedwithTm3+ co-doped,theseparametersdoesn’texhibitthegreatchanges,indicatingthe
introductionofEr3+ doesn’tdrasticallyinfluencethelocalenvironmentofTm3+.Realistically,Ωt

parametersdependsignificantlyontheglasscompositionandespeciallyΩ2pointsthecovalentdegreeof
RE-ligandschemicalbond[22].Inaddition,Ω6arecloselyrelatedtotheviscosityandrigidityofglasshost.
Onthewhole,theΩ2ofTm3+inbismuthsilicateglassishigherthanthatinsilicateandaluminumsilicate
glassbutlowerthanthatinleadsilicateglass,whichismainlycausedbythehighpolarizabilityofPb2+

andBi3+.Similar,becausetheintroductionofPb2+andBi3+ destroythesilicateglassnetworktosome
extent,theviscosityofglassmeltwilldecreaseatthemeltingtemperature.Asaresult,theΩ6ofTm3+in
bismuthsilicateglassishigherthanthatinsilicateglassbutlowerleadsilicateandleadbismuthsilicate
glass.Theroot-mean-squareerrordeviations(δrms)is0.89×10-6,whichindicatesthecalculatedresults
arereliable.Forcomparison,Table1alsopresentstheΩtofEr3+,Tm3+ionsintheotherglasssystem
fromthereference.Inourpreviouswork,Tm3+singledopedbismuthsilicateglasswerepreparedandtheir
intensityparameterswereobtained[16].
2.2 Emissionspectrapumpedat800nmand1550nm

Theemissionspectraofas-madesampleswithvariousEr2O3dopingconcentrationsunder800nm
excitationaremeasuredandshowninFig.2(a).Thespectraexhibitthreemainemissionbandscenteredat
1473nm,1531nmand1802nm,whicharisesfromthetypicalTm3+:3H4→3F4transition,Er3+:4I13/2→
4I15/2transitionandTm3+:3F4→3H6transitioninoxideglass,respectively.Exceptfortheincreasing
emissionintensity,theshapeofthe1.8μmemissionbandisalmostunaffectedbytheincreasingEr3+

contentconfirmingthesmallimpactoftheco-dopantsonthesitesoftheTm3+ions.Thisphenomenon
coincideswiththechangesofJudd-OfeltintensityparametersaftertheintroductionofEr3+.Takinginto
accountthesensitizingeffect,adjustingtheerbiumoxideconcentration(E1T,E2T,E3TandE4T)results
intheincreasementof1.53μmemissionintensitywithoutconcentrationquenching,whilethe1.47μm
emissionintensityexhibitstheerratictendency.Theenhanced1.8μmemissioncouldbeexplainedwiththe
shorterdistanceamongREions,whichisfavorabletotheenergytransferfromEr3+toTm3+.Thedetailed
energytransfermechanismwillbediscussedinfollowing.

Fig.2(b)showstheemissionspectraofEr3+/Tm3+co-dopedbismuthsilicateglassesintheregionof
1600-2200nmunderexcitationofa1550nm LD.Theemissionspectraaredominatedbyanintense
broadbandemissionbandaround1.8μm ofTm3+.Theintensityofthebandappearstobegreatly
dependentontheEr2O3concentration.SincethehighabsorptionintensityofEr3+at1550nmpractically
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feedsthepopulationdensityoftheEr3+:4I13/2excitedstatefavoringanefficientenergytransferfromEr3+

toTm3+inpresentmatrix

Fig.2 Emissionspectraofsamplespumpedat800nmand1550nm

  AccordingtotheFuchtbauer-Ladenburgtheoryandemissionspectra,the1.8μmemissioncross-
section(σem)canbecalculatedasfollows[23]

σem=
λ4Arad

8πcn2 ×
λIλ( )

∫λIλ( )dλ
(1)

whereλrepresentsthewavelength,candnarethelightspeedandtheindexofrefraction,Aradrepresents
thespontaneoustransitionprobabilitycorrespondingtotheTm3+:3F4→3H6transition,andI(λ)isthe
emissionintensity.Themaximumemissioncross-sectionat1.8μmintheEr3+/Tm3+-dopedbismuth
silicateglasspumpedat800nmis6.7×10-21cm2,andthisvalueis7.3×10-21cm2whenthesampleis
pumpedat1550nm,Therelativelyhighemissioncrosssectionisprobablyrelatedtothehighrefractive
indexasaresultoftheintroductionofheavymetaloxideBi2O3.Additionally,theFullWidthatHalf
Maximum(FWHM)of1.8μmemissionisabout250nmpumpedat800nmor1550nm,whichislower
thanthatofsilicateglassbuthigherthanthatofchalcogenideandgermanateglass[9,24,25].Thehighband
widthisgreatbeneficialtotheultra-broadbandtunablelasersources.Theinhomogeneousbroadeningof
Tm3+inbismuthsilicateglassisrelatedtothemultisitecharacterofTm3+luminescencecenters.Basedon
theRamananalysis,thebismuthsilicateglassismainlycomposedof[SiO4]tetrahedron,[BiO6]
octahedronand[BiO3]tetrahedron[16].ThedisorderofglassnetworkergivesrisetotheensembleofTm3+

centersinhost.
2.3 Energytransfermechanismandquantitativeanalysis

ThepartialenergyleveldiagramillustratedinFig.3exhibitstheobservedNearInfrared(NIR)and
MiddleInfrared(MIR)emissiontransitionswiththepossibleenergytransferchannelsinthepresenthost.
Inabsence of Er3+,the800 nm laser diode
perfectly matches withthe Tm3+:3 H6 →3 H4
absorption.While,forthe1.8μmemission,the
Tm3+presentstherelativelylowpumpedefficiency
underexcitationofan800nmLD.Moreover,the
undesirable NIR emission and upconversion
luminescencewon’tbeavoided.Inpresenceof
Er3+asasensitizer,the800nmlaserlightexcites
efficientlythe Er3+ to 4I9/2 levelin glass,in
subsequentstage,beingtransferredtoneighboring
Tm3+ ions through resonant energy transfer
shortcut.Inthisprocess,thesensitizedTm3+ions
jumptoits3 H4excitedstate.Then,theionson

Fig.3 SimplifiedenergydiagramofEr3+andTm3+ with
possibleenergytransferchannels.
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Tm3+:3H4comedowntothe3F4and3H6states,yielding1.47μmand1.8μmemission,respectively.
Twophonon-assistednon-resonantenergytransferchannelsplayanimportantroleinenergytransfer

mechanism(ΔE=energymismatch):
Er3+:4I11/2+Tm3+:3H6→Er3+:4I15/2+Tm3+:3H5(ΔE=1829cm-1),ET1
Er3+:4I13/2+Tm3+:3H6→Er3+:4I15/2+Tm3+:3F4(ΔE=799cm-1),ET2.

IthasbeenverifiedthattheresonantEr3+:4I9/2→Tm3+:3H4processisthemostprobablemicroscopic

processtotakeplaceincontrastwiththeabovetwonon-resonantprocesses
[26]

.Itisdifficulttotakeplace
oncetwoormorethantwophononsgenerationareneededtoparticipatethenon-resonantprocess.Inview
ofthegreaterenergymismatchofET1process,theprobabilityrateofET2processislargerthanthatof
ET1process.Whenthesamplesarepumpedbyan800nm LD,theEr3+:4I9/2→Tm3+:3H4process,
Er3+:4I11/2→Tm3+:3H5processandEr3+:4I13/2→Tm3+:3F4processcouldtakeplaceresultinginthewaste
ofexcitationenergyalongwiththeundesirablevisual,NIRand MIRluminescence.Therefore,the
adoptionofa1550nmLDisafeasibleapproachtoobtainthe1.8μmemission.

DexterandFörstercalculatetheenergytransferratebetweenREionsdilutedinsolidmatrixinterms
ofemission(absorption)crosssectionofthedonor(acceptor)[27].Theenergytransfermiscroparameter
canbeexpressedtodescribethedonor-acceptorinteractionmodel,

CDA=
6cgD

low

(2π)4n2gD
up
􀰐
N

m=0
e-(2n

-
+1)S0S0

m

m!
(n
-

+1)m ×∫σD
em(λm

+)σA
abs(λ)dλ (2)

CAD=
6cgA

low

(2π)4n2gA
up
􀰐
N

k=0
e-2n

-
S0S0

k

k!
(n

-
)k ×∫σA

em(λk
-)σD

abs(λ)dλ (3)

wheregD
lowandgD

uparethedegeneracyofthelower

andupperlevelsofthedonor,respectively.n
-

isthe
averageoccupancy,mandkisthenumberofthe
phononsparticipatingintheenergytransfer,S0is
theHuang-Rhysfactor,andλ+

m andλ-
k arethe

wavelength with m phonons and k phonons,
respectively.IthasbeenobservedthattheEr3+:
4I13/2 → Tm3+:3F4 microscopicenergytransfer
channelismoreeffectivethantheEr3+:4I11/2→
Tm3+:3H5channel[28].Inthiswork,valuesofCDA

andCAD oftheET2processinbismuthsilicate
glassarelistedinTable2usingEq.(2)~(3).The

Fig.4 ExcitedstateabsorptionspectrumofTm3+:3F4
andemissionspectraofEr3+:4I13/2inpresenthost.

relatedspectralsuperpositionbetweentheEr3+:4I13/2→4I15/2emissionandthefundamentalTm3+:3H6→3

F4absorptioninbismuthsilicateglassareexhibitedinFig.4.Thebreaklinesrepresenttheone-andtwo-
phononsemisionsidebandsofEr3+.Whenonephononisreleasedtoassisttheenergytransfer,the
absorptionandemissioncross-sectionspectraoftheTm3+andEr3+ions,respectively,overlapstrongly,
sothattheCDAvalue(directenergytransfer)isalmost25timeslargerthanCAD(backenergytransfer).In
addition,itisnotedthenumberofphononsparticipatedtheET2processinpresentglassissmallerthan
thatinbismuthgermanateglass,whichismainlycausedbytherelativelylargerphononenergyofbismuth
silicateglass.Theresultsagainsupporttherationalityofadoptionofa1550nmLDpumpingsource.
Table2 CalculatedmicroparametersCDA,CADfortheEr3+→Tm3+ energytransferprocesses(ET2).Number(#)ofphonons

neededtoassistenergytransfer,aswellasthepercentageofeachphononparticipation(%)intheprocess

Energytransfer
N(#ofphonons)
(%phonon-assist)

CDA/
(×10-40cm6·s-1)

N(#ofphonons)
(%phonon-assist)

CAD/
(×10-40cm6·s-1)

Er3+:4I13/2→
Tm3+:3F4

0,1
(16,84)

16.8
1,2,3
(56,39,5)

0.65
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2.4 Fluorescentdecaycurves
  ThefluorescentdecaycurvesofEr3+:4I13/2
levelinE4andE4Tglassesweremeasuredandare
showninFig.5.AsshowninFig.5,themeasured
lifetimeofEr3+:4I13/2levelobviouslydecreasesin
Er3+/Tm3+ co-dopedglass(E4T)incomparison
withthe Er3+ singly-doped ones(E4),which
indicatestheexistenceofenergytransferfrom
Er3+ to Tm3+.Ingeneral,theenergytransfer
efficiency hcan beevaluated bythefollowing
equation[29]

η=1-
τ
τ0

(4) Fig.5 FluorescencedecaycurvesofEr3+:4I13/2
levelinE4andE4Tglasses

wheret and t0representthefluorescencelifetimesofEr3+:4I13/2levelinEr3+/Tm3+co-dopedandEr3+

singlydopedglasses,respectively.Thet and t0weremeasuredtobe5.31msand1.23msinE4TandE4
glasses.TheobtainedhofET2isupto76.8%,whichisbenefittoenhancethe1.8μmemissionofTm3+

ions.

3 Conclusions
OnlyTm3+,onlyEr3+and(Er3+,Tm3+)co-dopedlead-freebismuthsilicateglasseswereprepared

andtheirspectroscopicpropertiesarestudiedwithtwoLDs:onewiththewavelengthof800nmandthe
otherwiththewavelengthof1550nm,inordertocontrastthe1.8μmemissioncapability.Anintense
broadbandmid-infraredemissionspectrumwiththelargestsimulatedemissioncrosssectionof7.3×10-21

cm2isobtainedwiththeexcitationsourceof1550nm.Thecorrelationbetweentheenergytransfer
mechanismandtheTm3+:3F4populationwasfoundandexplained.TheincreasingEr3+ dopinglevel
efficientlyenlargetheenergytransferprobabilityfromEr3+toTm3+.BasedontheDexter-Fösteranalysis,
thecalculateddirectenergytransfermiscroparameterofEr3+:4I13/2→ Tm3+:3F4processisupto16.8×
10-40cm6/s.Allthesedataindicatethatthelead-freebismuthsilicateglasseswithEr3+/Tm3+codopedare
promisingmaterialsfor2μmfiberlasers.
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