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单片集成半导体激光器的阵发混沌特性

林晓东1,钟祝强1,王会苹1,陆丹2,赵玲娟2,夏光琼1,吴正茂1

(1西南大学 物理科学与技术学院,重庆400715)
(2中国科学院半导体研究所 半导体材料重点实验室,北京100083)

摘 要:实验研究了一种由一个分布反馈半导体激光器、一个相位控制部分和一个半导体光放大器组成

的三段式单片集成半导体激光器的动力学特性.采用常规的动力学分析方法,对不同相位控制电流下

激光器输出的光谱、时间序列、相图及功率谱进行了分析,考察了其进入混沌的路径及阵发混沌的特性。
研究结果表明,在适当的运行参数下,单片集成半导体激光器可呈现混沌态与稳定态随机交替出现的阵

发混沌状态输出.在固定分布反馈半导体激光器电流和半导体光放大器电流不变的情况下,连续地增大

相位区的电流IP,单片集成半导体激光器将先后经历稳定态、单周期态、阵发混沌态,最后再回到稳定

态的过程.在确定了激光器处于阵发混沌态时相位区电流IP的取值范围之后,进一步的分析结果表明,
随着相位区电流IP的增加,平均层流时间先减小,达到一个极小值后再迅速增大.
关键词:非线性光学;激光物理;实验研究;单片集成半导体激光器;阵发混沌;动力学态;平均层流时间
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Abstract:Dynamicalcharacteristicsofa monolithicallyintegratedsemiconductorlaserhavebeen
experimentallystudied.Thelaserconsistsofadistributedfeedbacksemiconductorlasersection,aphase
controllingsectionandasemiconductoropticalamplifiersection.Usingageneralanalysismethodof
dynamics,wehaveexperimentallyinvestigatedthebifurcationroutetochaosandthedynamical
characteristicsofintermittentchaosthroughtheopticalspectra,timeseries,phaseportraitsandpower
spectraofthelaser.Theresultsshowthat,undersuitableoperatingparameters,themonolithically
integratedsemiconductorlasercanbedrivenintointermittentchaososcillationcharacterizedbythe
chaoticstatestochasticallyinterruptedbythestablestate.Forfixingthecurrentsofdistributedfeedback
semiconductorlasersectionandsemiconductoropticalamplifiersectionandgraduallyincreasingthe
currentofthephasecontrollingsectionIP,themonolithicallyintegratedsemiconductorlasersuccessively
undergoesstablestate,periodone,intermittentchaos,andreturnstostablestate.TherangeofIP

requiredforachievingintermittentchaososcillationisdetermined.Moreover,theevolutionoftheaverage
laminartimewiththeincreaseofIPhasbeenanalyzed,andtheresultshowsthat,withtheincreaseof
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IP,theaveragelaminartimedecreasesfirstly,afterreachesaminimum,andthenrapidlyrises.
Keywords:Nonlinearoptics;Laserphysics;Experimentalinvestigation;Monolithicallyintegrated
semiconductorlaser;Intermittentchaos;Dynamicalstate;Averagelaminartime
OCISCodes:140.5960;140.1540;130.3120;190.4390

0 Introduction
Innonlinearsystems,thereexistsvariousroutestochaosviafoldingandstretchingvariablesinthe

projectionprocess.Period-doublingbifurcationandquasi-periodicbifurcationaretwotypicalroutesto
chaosandhavebeenwidelyinvestigated[1-3].Inaddition,intermittencyisalsoawell-knownroutetochaos
andcommonlyobservedinfluidflows,circuitoscillatorsandchemicalreactions [4-7].Forsemiconductor
lasers,Low-frequencyFluctuation (LFF),explainedassaddlenodeinstability,isinitiallytermed
intermittencyphenomenonandhasbeenstudiedforalongtime[8-10].

Nowadays,withthefastdevelopmentofPhotonicIntegrated Circuits (PICs),Monolithically
IntegratedSemiconductorLasers(MISLs)canalreadygeneratechaoticoutputwithoutadditionaldiscrete
componentstoprovideperturbations,meanwhilethenonlineardynamicsofMISLshavebeenreported
consecutively[11-16].USHAKOVOetal.reportedtwokindsofHopfbifurcationsassociatedwithregular
self-pulsationsofdifferentfrequencies [11].YOUSEFIMetal.experimentallydemonstratedaperiod-
doublingtransitionintochaosinMISLsandproposedthatthedynamicsofMISLsaremorestableoverthe
lifetimeofthesystemcomparedwiththeirstand-alonecounterparts [12].Wereportedbroadbandchaos
generationinathree-sectionMISLandinvestigatedthedynamicsandthechaoticbandwidthenhancement
withopticallyinjectedMISL [13-15].Inabovestudies,thedynamicalroutestochaosaretypicalperiod-
doublingbifurcationorquasi-periodicbifurcation.

Morerecently,IntermittentChaos (IC)hasbeenreportedin PICs.BOSCO A K D etal.
experimentallyandtheoreticalinvestigatedcrisis-inducedintermittencyinaPICconsistingofaDFBlaser,
twoSemiconductorOpticalAmplifiers(SOAs),andapassivewaveguidecoatedbyhighreflectionfilm[16],
andfocusedontheanalysisoftheinfluenceoftheSOAcurrentontheIC.Wedesignedanothernovelstyle
PICcharacterizedasathree-sectionMISL,whichiscomposedofaDistributedFeedbackSemiconductor
Laser(DFB-SL)section,aphase(P)sectionandaSOAsection [17],andanalyzedtheinfluenceofthe
SOAcurrentontheperformanceofIC [18].

Physically,thePICsusedinRefs.[16-18]canbeattributedtoaDFB-SLwithtime-delayedoptical
feedbackfromashortexternalcavity,andthefeedbackstrengthisdeterminedbyISOA.Therefore,these
relevantinvestigationscanberegardedastheinfluenceoffeedbackstrengthontheperformanceofIC.For
theMISLfabricatedbyourselves [17],exceptthatthefeedbackstrengthcanbeadjusted,thefeedback
phasecanalsobeadjustedbycontrollingthecurrentofthephasesection(IP).Inthispaper,weemphasize
theinfluenceoffeedbackphaseonthecharacteristicsofIC,whichisimplementedbyadjustingIP.After
recordingthetimeseries,powerspectra,andphaseportraitsoftheoutputsignalfrom MISL,the
characteristicsoftheintermittentchaososcillationsisinvestigated.Furthermore,theevolutionofthe
AverageLaminarTime(ALT)ofintermittentchaosversusIPhasbeenanalyzed.

1 Experimentalsetup
Fig.1istheschematicdiagramsofexperimentalsetupandMISL.AsshowninFig.1(b),theMISLis

composedofaDFB-SLsection,aPsectionandaSOAsectionwithlengthsof220μm,50μmand240μm,
respectively.Thetemperatureandcurrentofeachsectionarecontrolledbyhigh-accuracylaserdiode
controller(ILX-Lightwave,LDC-3724B),andthecurrentsforDFB-SLsection,PsectionandSOAsection
arelabeledasIDFB,IP,andISOA,respectively.ThedevicematerialoftheMISLisgrownonanS-dopedn-
typeInPsubstratebytheMetal-organicChemicalVaporDeposition(MOCVD),andthechipiscleaved
withareflectivityof0.32forbothfacets.Complex-coupledgratingisformedintheDFB-SLsectionto
guaranteestablesingle-modeemission.ThePsectionisapassivewaveguidefabricatedwithquantumwell
materialswhosewavelengthofbandgapis1440nm.WhentheIPisvaried,thefeedbackphaseischanged
duetothechangeineffectiverefractiveindexofthewaveguide.TheSOAsectionisusedtocontrolthe
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feedbackstrengthviaadjustingISOA
[19].SotheMISLcanberegardedasaDFB-SLwithanultrashort

opticalfeedback,whichissuppliedbyanultra-shortactivefeedbackcavity.

Fig.1 ExperimentalsetupandschematicdiagramoftheMISL

  Throughouttheexperiment,allthetemperaturesofthreesectionsintheMISLaremaintainedat
20.26℃.TheopticaloutputoftheMISLfirstlypassesthroughanasphericlens(AL1),anopticalisolator
(ISO),AL2,andthenisdividedintotwopartsbyafibercoupler(FC1).Oneissenttoanoptical
spectrumanalyzer(OSA,AndoAQ6317C)tomonitortheopticalspectrum,theotherisfirstlyamplified
byanErbiumDopedFiberAmplifier(EDFA).Theamplifiedopticalsignalisfurtherdividedintotwo
parts.Oneistransferredintoelectronicsignalviaaphoto-detector(PD1,U2T-XPDV3120R,70GHz
bandwidth),andthenissenttoanelectricalspectrumanalyzer(ESA,R&SⒸFSW,67GHzbandwidth)
formeasuringthepowerspectrum,theotheristransferredintoelectronicsignalviaPD2(NewFocus1544-
B,12GHzbandwidth),andissenttoanoscilloscope(OSC,AgilentDSOX91604A,16GHzbandwidth)
formonitoringthetimeseries.

2 Experimentalresultsanddiscussion
Fig.2showstheP-IcurveandtheoverlappedopticalspectraoftheMISLunderdifferentIDFBwhen

bothIPandISOAarefixedat0mA.Underthiscondition,thethresholdcurrent(Ith)oftheMISLisabout
23.10mA,asshowninFig.2(a).WiththeincreaseofIDFBfromIthto55.00mA,theoutputpower
linearlyincreases,and meanwhiletheoscillated wavelengthofunique mode movestowardslonger
wavelengths,asshowninFig.2(a)and (b).However,furtherincreasingIDFB,theoutputpower
undergoesrapidincreasing,decreasing,andlinearlyincreasing,asshowninP-Icurve.Furtherinspecting
theopticalspectrum,itcanbefoundthattherearetwomodesco-existingintheMISL(asshowninFig.2
(c))whenIDFB>55.00mA.Sincethegainfortwocompound-cavitymodeslocatingatthestopbandare
comparable[20],twomodescanbelasedsimultaneously.Underthiscase,thedynamicsoftheMISL
becomesmuchmorecomplicated,whichresultsinthenonlinearvariationtrendofoutputpowerwiththe
increaseofIDFB.Basedonourexperimentalobservation,theintermittentchaosoccursonlyforthecase
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thattheMISLoperatesattwo-modeemittingstate.Consideringthattheemphasisofthisworkisaboutthe
influencesofthefeedbackphasesontheperformancesofIC,wefixIDFBat78.54mA(≈3.4Ith)andISOAat
34.50mAinthefollowingdiscussion.

Fig.2 OutputcharacteristicsoftheMISLunderdifferentIDFB,whereIPandISOAarefixedat0mA

2.1 Routeofthedynamicalstate

Firstly,weinvestigatethedynamicalcharacteristicsoftheMISLforIDFB=78.54mAandISOA=
34.50mAunderdifferentIP.Fig.3displaysthetimesseries,phaseportraits,andpowerspectrafor
severaltypicaldynamicalstatesoutputfromtheMISLobtainedunderdifferentIP.Asshowninthefirst
row,forIP=5.20mA,theoutputintensityisnearlyaconstantwithsmallripplesduetothenoise,the
phaseportraitisanextendeddot,andthepowerspectrumissimilartothenoisefloor.Asaresult,the
dynamicalstateoftheMISLisastable(S)state.ForIPincreasesto8.30mA(asshowninFig.3(b)),the
timeseriesshowsaregularoscillationwithanundampedrelaxation,whosefundamentalfrequencyisclose
totherelaxationoscillationfrequencyandisabout9.1GHzobtainedfromthepowerspectrum,andthe
phaseportraitshowsadensedot.Asaresult,itcanbedeterminedthatthedynamicalstateoftheMISLis
aperiod-one(P1)state.FurtherincreasingIPto8.90mA(asshowninFig.3(c)),thelaminarregionsof
lowamplitudecorrespondtothestablestatewhiletheburstsofhighamplitudeconsistofcomplexchaotic
fluctuations.Thealternationbetweenstablestateandchaoticstateisatypicalintermittencytransition,
whichis differentfrom thetransitionfrom a period-doubling dynamicsto chaotic dynamics[13].
Additionally,thephaseportraitincludessomescattereddots(achaoticattractor)besidesaconcentrated
spot(astableattractor)andthepowerspectrumcoversarelativelywidefrequencyrange,whichreveals
theintermittencybetweenstablestateandchaoticstate.ForIP=11.00mA (Fig.3(d)),thedynamical
stateofMISLreturnstostablestate,andallthepropertiesaresimilartothatforIP=5.20mA.The
physicalmechanismforthevariationofdynamicalstatesresultedbyincreasingIPcanbeexplainedas
follow.DuringtheprocessofgraduallyincreasingIP,theeffectiverefractiveindexofPsectionisvaried
accordingly.Asaresult,thephaseandtheopticalfeedbacksupplyingforDFB-SLarechangedduring
increasingIP,andthenthelasercanbedrivenintodifferentdynamicalstatesfordifferentIP

[21].By
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carefullyadjustingIP,theICoccursfor8.50mA<IP<9.30mA.Next,thedetailedcharacteristicsofthe
intermittentchaoswillbeanalyzed.

Fig.3 Timeseries,correspondingphaseportraitsandpowerspectraoftypicaldynamicalstatesoutputfromtheMISL
withIDFB=78.54mAandISOA=34.50mA(thegreycurvesinpowerspectraareforthenoisefloorof
measurementapparatus)

2.2 Characteristicsoftheintermittentchaos
Fig.4showsthedetailedtimeseriesofICoutputfromtheMISLunderIDFB=78.54mA,ISOA=

34.50mAandIP=8.53mA.InFig.4(a),theintermittentchaostimeserieswithin1000nswindowis
presented.Wecanfindabout150burstswithhighamplitudeawayfromthelaminarregionswithlow
amplitude.Thelaminarregionsandburstsarestochasticallyalternated,whichrevealstheMISLenters
intermittencystate.Tofurtherdistinguishingthedetails,wezoomthetimeserieswithin100nsand20ns
timewindows,asshowninFig.4(b)and4(c).CombiningFig.4(b)andFig.4(c),wecanseethatthe
timedurationsofeveryburstandlaminarregionarestochastic.As mentionedabove,thebursts
correspondschaoticoscillationandmeanwhilethelaminarregionscorrespondtostablestate.Everychaotic
burstbeginswithasharppulse,thenlastsabout2~5nsrandomlyandfinallyreturnstothestablestate.

Tofurtherexplorethestatisticalcharacteristicsoftheintermittentchaostimeseries,wecollectplenty
oftimeseriesunderasetofgivenoperatingparameters,andthencalculatetheALT.Fig.5(a)-(c)givea
partoftimeseriesunderIP=8.53mA,8.90mA,and9.20mA,respectively.Fromthediagrams,itcanbe
seenthat,thedurationtimesoflaminarregionaredifferentfordifferentvalueofIP.

TheALTcanbecalculatedbasedonagreatdealofexperimentaldata,andthevariationoftheALT
withtheincreaseofIPisshowninFig.6.Obviously,withtheincreaseofIPfrom8.53mAto9.30mA,
theALTfirstgraduallydecreasestoarriveataminimum,andthenrapidlyincreases.Thereasonmaybe
thatthefeedbackphaseischangedwiththeincreaseofIPduetothechangeineffectiverefractiveindexof
thePsection.Sucharesultisdifferentfromthepowerlawdistributionobtainedundercontinuously

5-4004150



光 子 学 报

varyingISOAinpreviousreports[16,22].

Fig.4 TimeseriesoftheintermittentchaosoutputfromtheMISLforIDFB=3.4Ith,ISOA=34.50mAandIP=8.53mA

Fig.5 TimeseriesoftheMISLemissionunderdifferent
currentsofthephasesection

Fig.6 TheaveragelaminartimevarianceasfunctionofIP

3 Conclusion
Inthiswork,thenonlineardynamics,particularlytheintermittentchaos,inathree-sectionMISL

underdifferentIPisinvestigatedexperimentally.Theresultsshowthattherouteofthedynamicalstates
evolutionintheMISLisS-P1-IC-S,wheretheICbehaviorisastochasticalternationbetweenstablestate
andchaoticstate.Throughcollectingagreatoftimeseries,theevolutionoftheALTwithIPisanalyzed.
WiththeincreaseofIP,theALTfirstgraduallydecreasestoarriveataminimum,andthenrapidly
increases,whichisdifferentfromthepowerlawdistributionreportedinpreviousresearchesthrough
increasingtheamplifiersectioncurrent.
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