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基于二硫化钨可饱和吸收体双波长被动
调QYb∶GdYSiO5激光器

高子叶1,4,朱江峰2,公爽3,田金荣3,吴正茂1,4

(1西南大学 物理科学与技术学院,重庆400715)
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(3北京工业大学 应用数理学院,北京100124)

(4西南大学 数学与统计学院,重庆400715)

摘 要:基于新型可饱和吸收体二硫化钨在Yb∶GdYSiO5晶体中实现了双波长调Q激光的输出.将二

硫化钨纳米薄片溶液涂覆在具有高反射率的BK7玻璃基底上,制成二硫化钨可饱和吸收镜用于启动调

Q.采用光纤耦合输出的二极管激光器作为泵浦源,其发射激光的中心波长约为976nm.通过调节谐振

腔以及选择合适的泵浦功率,在波长为1051nm和1091nm附近同时实现了稳定调Q激光输出.调Q
激光脉冲宽度为8.4μs,重复频率为2.9kHz,平均输出功率为125mW.
关键词:被动调Q;二硫化钨可饱和吸收体;Yb∶GdYSiO5晶体;激光二极管泵浦;双波长
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Dual-wavelengthPassivelyQ-switchedYb∶GdYSiO5
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Abstract:Adual-wavelengthpassivelyQ-switchedYb∶GdYSiO5laserbasedonaWS2saturableabsorber
mirrorwasproposed.TheWS2nanoplateletssolutionwascoatedonaBK7glasssubstratewithhigh-
reflective-indexthinpolymertobeaWS2saturableabsorbermirrorforstartingQ-switchingoperation.By
tuningtheresonantcavityandselectingasuitablepumpingpower,thestableQ-switchedlaserpulsesat
1051nmand1091nmweresimultaneouslygeneratedwitha976-nmfiber-coupleddiodelaseraspump
source.Thelaserpulseshadapulsedurationof8.4μs,arepetitionrateof2.9kHz,andanaverage
outputpowerof125mW,respectively.
Keywords:PassiveQ-switching;Tungstendisulfidesaturableabsorber;Yb∶GdYSiO5crystal;Diode-
pumped;Dual-wavelength
OCISCodes:140.3540;140.3580;140.3615;140.3380
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0 Introduction
Aspulselasersoccupysomeuniqueadvantagesofshortpulsewidth,highpeakpower,andhighpulse

energy,theyhavebeenwidelyappliedinmanyareas,suchasnonlinearoptics,spectroscopy,biomedical
diagnoses,andmaterialprocessing[1-2].Therefore,howtoachievepulselasersfordifferentapplication
requirementshasalwaysbeenaresearchhotspot.PassivelyQ-switchingandmode-lockingbasedonvarious
saturableabsorbersaretwoofimportantmethodstoachievepulselaserswithdifferentordersofmagnitude
pulsewidths.Amongallkindsofsaturableabsorbers,therearesomeoutstandingrepresentatives,suchas
transitionelements-dopedhostmaterials,SemiconductorSaturableAbsorberMirrors(SESAMs)[3],and
two-dimensional(2D)nanomaterials.Cr4+ ∶YAGisoneimportantsaturableabsorberoftransition
elements-dopedhostmaterialsandwidelyappliedin Q-switchedsolid-statelasersorfiberlasersfor
generatingpicosecondtomicrosecondlaserpulses[4-7].Inordertoobtainshorterlaserpulses,SESAMs
weredevelopedandextensivelyemployedassaturableabsorbersin mode-lockedlasersforgenerating
femtosecondtopicosecondlaserpulses[8].However,SESAMshavesomelimitationsbecauseoftheir
narrowwavelengthabsorptionband,expensivecostandcomplexfabrication.Inrecentyears,thesingle
layerorfewlayersgraphene[9],atypicalrepresentativeof2D nanomaterials,cameoutand was
successfullyappliedinthegenerationofpulselasersduetotheiruniquecharacteristicsincludingbroadband
opticalmodulation,strongabsorption,fastrelaxation,andeasyfabrication.Theappearanceofgraphene
opensupadoortonew2Dlayerednanomaterialswithexcellentopticalandelectricalperformances.The
researchershavedevelopedaseriesofnew2Dlayeredmaterials,suchasgrapheneoxide[10],Carbon
Nanotube(CNT)[11],BlackPhosphorus(BP)[12],TopologicalInsulators(TIs)[13],Transition Metal
Dichalcogenides(TMDs)[14].Amongabovesaturableabsorbersbasedon2Dlayeredmaterials,thefamily
ofTMDs,consistingofmolybdenum disulfide (MoS2),molybdenum diselenide (MoSe2),tungsten
disulfide(WS2),andtungstendiselenide(WSe2),havedrawnwidespreadattentionbecauseoftheir
excellentpropertiesintroducedbytheirsizablebandgapsinnature.Recently,therehavebeenagreatdeal
ofresearchonWS2asasaturableabsorberforgeneratinglaserpulses.2015,MAODongetal.successfully
demonstratedaWS2mode-lockedErfiberlaserforthefirsttime,generatinglaserpulsesat1.557μmwith
adurationof1.32ps[15].Sincethen,WS2wasadoptedinvariousfiberpulselasers.Forexample,LINJian
etal.firstlydemonstratedawavelength-tunableYb-dopedpassivelyQ-switchingfiberlaserbasedon
WS2[16].2016,LIWen-songetal.reportedaPr3+-dopedall-fiberQ-switchedlaserswithtransitionmetal
dichalcogenidesincluding WS2[17].Inaddition,WS2 wasalsousedinallsolid-statepulselasersfor
generatinglaserpulseswithwavelengthrangingfrom0.6μmto3.0μm.Forexample,laserpulsesat
0.64μmwithawidthof630nswereobtainedfromaQ-switchedPr∶LiYF4laserbasedonWS2

[18].Laser
pulsesaround1μmwereachievedfromNd∶GdY2Sc2Ga3O12Q-switchedlaserbyusingWS2

[19].2016,LUAN
Chaoetal.demonstratedaQ-switchedTm∶LuAGlaserbyusingWS2,generating2μm,660nslaserpulses

[20].
Recently,2.95μmlaserpulseshavebeenachievedfromaQ-switchedHo,Pr∶LiLuF4laserwithWS2

[21].Above
theseresearcheshaveprovedthatWS2wasasuccessfulsaturableabsorberinpulselasers.

Around1μmlaserarea,Yb3+-dopedlasermaterialshavebeenrecognizedasgreatcandidatesfor
generatinglaserpulse.Ononehand,Yb3+ionhasaverysimpleelectronicenergylevelstructurecomposed
ofonlytwomanifolds(thegroundstate2F7/2andtheexcitedstate2F5/2),whichleadstoverysmall
quantumdefectandabsenceofundesirableeffectssuchasupconversion,excited-stateabsorption,cross
relaxation,andconcentrationquenching.Ontheotherhand,theabsorptionpeaksofYb3+-dopedmaterials
areintherangefrom900nmto980nm,whichmatcheswellwiththeemissionbandsofcommercialhigh-
brightnessInGaAsdiodelasers.Combinationwith WS2saturableabsorbersandYb3+-dopedmaterials,
therehavebeenseveralreportsonthegenerationoflaserpulses.Forexample,Yb∶Lu2SiO5,Yb∶GdAl
(BO3)4,andYb:YAGbasedonaWS2saturableabsorberhavebeenachievedlaserpulses[22-24].Itisworth
notingthattheWS2saturableabsorbersbasedsolid-satepulselasersisrelativelydifficultthantheWS2
saturableabsorbersbasedfiberpulselasers,which maybeduetothelarge modulationdepthand
unsaturatedlossofWS2saturableabsorbers.AmongYb3+-dopedlasermaterials,Yb:GYSOisalsoan
excellentlasermaterialandpossessesaseriesofadvantages,suchasthe2F7/2groundstate'ssplittingof
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995cm-1,thefluorescencelifetimeof1.92ms,goodthermo-opticalpropertiesandsoon.Uptonow,the
laserpulsesfrom Yb∶ GYSO by assisting of SESAMs or Kerr-lens mode-locking have been
demonstrated[25-27],however,thereisfewreportonYb∶GYSO basedon WS2saturableabsorbers
generatinglaserpulses.

Inthiswork,wedemonstratedapassivelyQ-switchedYb∶GYSOlaserbyusingaWS2saturable
absorbermirror.Bothsingle-wavelengthanddual-wavelengthQ-switchedlaseroperationwereobserved.
Undersingle-wavelengthQ-switchedoperation,laserpulseswithshortedwidthof5.8μsatwavelengthof
1048nmwereobtained.Themaximumlaserpulseenergyandpeakpowerwereabout14.7μJand2.5W,
respectively.Underdual-wavelength Q-switchedoperation,laserpulsesoperatedat wavelength of
1051nmand1091nmsimultaneouslywithapulsedurationof8.4μsandarepetitionrateof2.9kHz.

1 Experimentalsetup
1.1 PreparationandcharacterizationofaWS2saturableabsorbermirror

InordertofabricateaWS2saturableabsorbermirror,wefirstpreparedWS2nanoplateletssolutionby
usingaliquidexfoliationmethod.WeaddedWS2powderwithapurityof99.99%intoavolumeratioof
1∶1ethanolandwater.Then,themixedsolutionwasagitatedbyultrasoundforabout200min,and
centrifugedat3000r/minforabout10mintogenerateWS2nanoplateletssolution.Previouslyrelevant
experimentshowsthatsucha WS2 solutionhashightransmittanceintherangefrom 800nm to
1100nm[28].Fig.1showsthephotoandAtomicForceMicroscope(AFM)imageofWS2nanoplatelets
solution.AsshowninFig.2(a),wetestedtheRamanspectrumofWS2nanoplateletssamplebyusinga
ConfocalRamanMicroscopy(WITECalpha300R),wheretheusedgeometricmodewasbackscattering.
Fromthisdiagram,itcanbeobservedthattherearetwocharacteristicpeaksE2gandA1gat350.6cm-1and
420.1cm-1,whichareconsistentwithRef.[15].ThenonlineartransmissioncurveofWS2samplewas
measuredbyusinganear-fieldZ-scanmethod,shownasFig.2(b).Inthisexperiment,weusedapulsed

Fig.1 ThephotoandAFMscanimageofWS2nanoplatelets

Fig.2 MeasuredramanspectrumofWS2nanoplateletsasafunctionoframanshiftandthenonlinear
transmissioncurveofWS2nanoplateletsasafunctionofopticalfluenceatroomtemperature
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laserwithapulsewidthof4ps,awavelengthat1035nm,andarepetitionrateof70MHz,asalaser
source.Thesaturableopticalintensityand modulationdepthof WS2 nanoplateletssampleareabout
328μJ/cm2and4.3%,respectively.Foreasyoperationinsolid-statelasers,theWS2nanoplateletssolution
withpolyvinylalcoholwascoatedonaBK7glasssubstrate,wheretheaveragethicknessofWS2layerwas
aboutafewnanometersandtheBK7glasssubstratehadahigh-reflective-indexthinpolymerof99%at
about1030nmwithabandwidthofabout60nm.Afterimplementingaboveprocesses,aWS2saturable
absorbermirrorwascompletedandcanbeappliedtosubsequentQ-switchinglaserexperiment.Itshould
bepointedoutthattheWS2saturableabsorbermirrorpossessesbothsaturableabsorberandhighreflected
mirror,whichmaysimplifypassivelyQ-switchedlasersystem.
1.2 ExperimentalsetupofQ-switchingoperation

Inthiswork,theusedYb∶GYSOcrystalwith5at.% YbconcentrationisprovidedbytheShanghai
InstituteofOpticsandFineMechanicsofCAS,anditsabsorptionandemissionspectracanbefoundin
Ref.[29].TheYb:GYSOcrystalsampleiswithathicknessof3mmandanapertureof6mm×5mm.As
showninRef.[29],theabsorptionbandwidthofYb∶GYSOcrystalwasfrom880nmto1040nmwith
mainabsorptionpeaksat900,918,950and976nm.Thehighestpeakat976nmbelongstozerophonon
lineofYb3+andishighlysuitablefordiodepumpingatroomtemperature.Themainfluorescencepeaks
includefourbandsaround1004,1039,1056,and1080nmandtheemissionintensitiesofthese
fluorescencebandsdecreaseinturn.BycombingtheabsorptionandemissionspectraofYb∶GYSO
crystal[29],itiseasilyunderstandthatthelaseroutputsatemissionbandsaround1004nmand1039nm
arerelativelydifficulttoachieveduetothestrongreabsorptionlosses,andthesimultaneousgenerationat
emissionbandsaround1056nmand1080nmispossible.Infact,theefficientlaseratemissionband
around1080nmismosteasilytoachievebecauseoffew-populatedterminallaserlevel.Fig.3showsthe
schematicallyexperimentalsetupofQ-switchedYb∶GYSOlaser.A7W,976nmhigh-brightnessfiber-
coupleddiodelaser(Jenoptik,JOLD-7.5-BAFC-105)wasusedasthepumpsource.Thenumericalaperture
offibercorewas0.22andthediameteroffibercorewas50μm.Thepumpoutputfromfiberwasreimaged
intotheYb∶GYSOcrystalbyatelescopewithmagnificationof1∶0.8.Thefocusingbeamdiameterinthe
crystalwasestimatedtobeabout40μm.Toreducetheheat,theYb∶GYSOcrystalwaswrappedwith
indiumfoilandmountedonawater-cooledcopperkeptatabout14℃.M1wasadichroicmirrorwithhigh
transmissionat976nmandhighreflectionatabout1020~1100nm.M2wasaconcavemirrorwitha
RadiusOfCurvature(ROC)of200mmandhighreflectionatabout1000~1100nm.M4wasaWS2
saturableabsorbermirror.InordertorealizeQ-switchingoperation,aconcavemirrorwithROCof
300mm(M3)andhighreflectionatabout1000~1100nmwasusedtofocusthelaserontheWS2.On
onehand,theWS2mirrorhadatransmissionofabout0.7%duetothatthetransmissionofWS2solution
wasbetween70and74%andtheBK7glasssubstratehadahigh-reflective-indexof99%,andthenthe
laseroutputfromtheWS2mirrorwastoosmall.Ontheotherhand,thelaseroutputfromtheWS2mirror
isdivergentsincetheWS2mirrorislocatedatthefocuspointofM3.Asaresult,aplaneOutputCoupler
(OC)mirrorwithatransmissionof1.5%atabout1020~1100nmwasusedinthisexperiment.Basedon
abovedesignandABCDmatrixcalculation[30],thelaserbeamdiameterinYb:GYSOcrystalandWS2was
calculatedtobeabout58.8μmand89.8μm,respectively.Thefoldinganglesofthemirrorsincavitywere
lessthan10°,whichweremainlylimitedbythedistancesandsizesofthemirrors.

Fig.3 ExperimentalsetupoftheQ-switchedYb∶GYSOlaser
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2 Experimentalresultsanddiscussion
  Atfirst,aHighReflection(HR)mirrorwas
setatthepositionofM4.Underthiscondition,we
adjustedthe cavity to obtain continuous-wave
laser.Thethresholdpumppowerwasabout0.9W.
Whenthepumppowerwasupto6.0 W,the
maximumaverageoutputpowerofabout1.53W
canbeobtained.Thecorrespondinglight-to-light
efficiencyandslopeefficiencywereabout25.5%
and33.4%,respectively.Next,weuseda WS2
saturableabsorber mirrorto replace the HR
mirror.Experimentsshowthatsingle-ordual-
wavelengthQ-switchingoperationscanbeachieved
byfinelyadjustingthepositionofWS2saturable
absorber mirror .As the pump power was

Fig.4 Theaverageoutputpowerasafunctionofpump
powerundercontinuous-waveandQ-switched
operations

increased,theQ-switchingoperationcameout.ThethresholdpumppowerofQ-switchedlaserwasabout
2.0W.Therelationshipbetweentheaverageoutputpowerandpumppowerundercontinuous-waveandQ-
switchedoperationswasshownasFig.4,wherethecontinuous-wave,single-wavelengthQ-switched,and
dual-wavelength Q-switched laser operated at about 1091nm,1048nm,and1051& 1091nm,
respectively.Forsingle-wavelengthQ-switchedoperation,whenthepumppowerwasintherangeof2.0W
to3.5W,thestablesingle-wavelengthQ-switchedlaserpulseswereobtained.Themaximumoutput
powerofsingleQ-switchedlaserwasabout206mW.Thecorrespondinglight-to-lightefficiencyandslope
efficiencywereabout5.9% and10.2%,respectively.Ifthepumppowerwasbeyond3.5W,theWS2
samplewouldbedamaged.Therefore,thelowdamagethresholdofWS2samplelimitedtheoutputpower
ofQ-switchedlaser.Asfordual-wavelengthQ-switchedoperation,underthepumppowerwiththesmall
rangeof2.0Wto2.4W,thedual-wavelengthQ-switchedwouldbeoccurredandtheoutputpowerwas
alwaysabout125mW withalight-to-lightefficiencyof6.25%.Basedonaboveinvestigations,wecan
concludethatthecavitylossisthelargestundersingle-wavelengthQ-switchingoperation,whichmaybe
duetothatthegainofYb∶GYSOcrystalunderlasingoperationarerelatedtowavelengthsandthelossof
WS2arerelatedtothelaserintensity.Inaddition,bothsingle-wavelengthanddual-wavelengthQ-switched
lasersareverystableandcanbeself-started.Byusingacommercialbeamprofiler(BeamAnalyzerUSB,
DumaOptics),wemeasuredthebeamprofilesofQ-switchedlasersshowninFig.5,whichshowsthat
bothsingle-wavelengthQ-switchedlaseranddual-wavelengthQ-switchedlaserruninfundamentalmode
withneardiffraction-limitedbeamquality.

Fig.5 ThebeamprofilesofQ-switchedlaserafterOC
Duringfollowingtestexperiment,weusedafastphotodiodeandadigitalphosphoroscilloscope

(TektronixDOP3052)todetectandrecordtheQ-switchedpulsetrains.Meanwhile,thecorresponding
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spectrumofthepulsestrainswasmeasuredbyusinganopticalspectrumanalyzer(OceanOptics,HR2000+).
Thesingle-wavelengthpulsestrainsunderdifferenttimescalewereshownasFig.6(a)and6(b).

Fig.6 Typicalpulsetrainwithdifferenttimescales,pulsedurationoftheshortestpulse,
andthecorrespondingopticalspectrumundersingle-wavelengthQ-switchingoperation

  Accordingtothesegraphsofpulsestrains,we
canseethattherewasno multi-pulsesandthe
single-wavelengthQ-switchedlaserwasrelatively
stable.Whenthepumppowerwasupto3.5W,
theshortestpulsesdurationwasmeasuredtobe
about5.8μsatthecentralwavelengthof1048
nm,andtheaccordingresultsarepresentedinFig.
6(c)and6(d).Fig.7showsthepulsesrepetition
ratesanddurationsvariedwiththepumppower.
Asthepumppowerwasincreasedfrom2.0Wto3.
5W,thepulsesrepetitionswasfrom7.0kHzto
14.0kHz,andthecorrespondingpulses widths
werefrom9.1μsto5.8μs.Whenthepumppower
wasuptoabout3.5W,theshortestpulsesatthe
centralwavelengthof1048nm wereobtained .

Fig.7 Dependenceofpulserepetitionrateandpulsewidth
onpumppowerundersingle-wavelengthQ-switching
operation

Themaximumlaserpulsesenergyandpeakpowerwerecalculatedtobe14.7μJand2.5W,respectively.
  Fig.8showsthepulsestrains,profile,spectrumofdual-wavelengthQ-switchedYb∶GYSOlaser.We
usedadigitalphosphoroscilloscopeandaspectrometertoobservethepulsestrainsandspectrum,
simultaneously.Underthesingle-wavelengthQ-switchedoperationpumpedatabout2.0W,weadjusted
thepositionofWS2andthesingle-wavelengthQ-switchedpulsestrainswouldbechanged,whichwere
shownasFig.8(a)and8(b).Atthesametime,thecorrespondingspectrumwasfromsinglewavelength
(1048nm)todouble wavelength (1051nm and1091nm).Itshouldbepointedoutthatlaser
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wavelengthsat1048nmand1051nmarebothbelongtotheemissionbandaround1056nm,andthe
phenomenonthat1048nmlaseratsingle-wavelengthoperationisred-shiftedto1051nmlaseratdual-
wavelengthoperationmaybeduetotheincidentpowerdensityvariationinducedbyadjustingtheposition
ofWS2mirror.Oncethelaserisoperatingatdual-wavelengthQ-switchedstate,thisstateisverystable
andcannotchangebacktothesingle-wavelengthQ-switchedoperationunlessadjustingthepositionofWS2
mirror.Thedual-wavelengthQ-switchedlaserwasonlyobtainedwiththerangeof2Wto2.4Wpump
power.Withintherangeofpumppower,thepulsesdurationofdoublewavelengthswasabout8.4μs.The
correspondingpulsesprofileandspectrumofdual-wavelengthQ-switchedlaserwereshownasFig.8(c)and
8(d).InFig.8(c),thelowerpulsewasat1091nmandthehigherpulsewasat1051nm,andtheirpower
ratioapproximatelyremainedtobe1∶3withintherangeofpumppower.Thelaserpulsesrepetitionrate
remainedabout2.9kHz.

Fig.8 Typicalpulsetrainwithdifferenttimescales,pulseduration,andthecorresponding
opticalspectrumunderdual-wavelengthQ-switchingoperation

Thesingle-wavelengthoperationiseasilyunderstood.Asforthedual-wavelengthoperationinthis
work,thereasonmaybeasfollows.Asweknow,alaserwilloscillateatawavelengthwhosenetgainis
thehighest,wherethenetgainisthatthegainoflasermediumminusesthelaserlosses.Ononehand,as
mentionedabove,theYb∶GYSOcrystalpossessesfouremissionpeakswithin1000~1100nm,where
thesepeaksusuallyvarywithpump.Ontheotherhand,thelaserlossesinthissystemincludemedium,
mirrorsandWS2,wherethelossofWS2isfurtherrelatedtolaserpowerdensity.Basedonabovetwo
factors,undercertainoperationconditions,twopeaksmaysimultaneouslyreachthethresholdandthen
resultindual-wavelengthoperation.

3 Conclusion
WedemonstratedapassivelyQ-switchedYb:GYSOlaserbasedonaWS2saturableabsorbermirror.

Thesingle-wavelengthQ-switchedlaserhasacentralwavelengthof1048nmwithpulsewidthof9.1μsto
5.8μsandarepetitionrateof7.0kHzto14.0kHz.Themaximumoutputpowerandpulseenergywere
about206mWand14.7μJ,respectively.Under2.0~2.4Wpumppower,thedual-wavelengthQ-switched
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lasercouldsimultaneouslyoperateatthecenterwavelengthsof1051nmand1091nm.Thepulse
duration,outputpowerandrepetitionratewereabout8.4μs,125mW,and2.9kHz,respectively.Such
resultrevealsthat,theWS2canbewidelyusedasasaturableabsorberinsolid-statepulselasers.
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