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高速低能耗垂直腔面发射激光器的基于氧化限制
孔径影响的强度噪声分析

李惠,贾晓卫,魏泽坤
(青岛科技大学 数理学院,山东 青岛266062)

摘 要:对不同氧化孔径尺寸的高速,低能耗的垂直腔面发射激光器(VCSEL)进行了相对强度噪声

(RIN)分析.小氧化物尺寸孔径的VCSELs器件更适用于低能耗数据传输,且RIN特性与低能耗性能没

有冲突.实验结果表明,适合低能耗、高温度稳定性工作的小氧化孔径VCSELs器件同时表现出较好的

噪声性能.高速低能耗VCSEL能够满足32GFC光纤通道标准的RIN要求,在将来的高性能计算机应用

中具有巨大优势.
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Oxide-ApertureDependent-RINResearchofHigh-speed,
Energy-Efficient980nmVCSELs
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Abstract:Oxide-aperature-diameterdependentanalysisofRINforhigh-speed,energy-efficientVertical-
CavitySurfaceEmittingLasers(VCSELs)havebeenperformed.Smalloxide-aperturediameterVCSELs
arepreferedforlowenergyconsumptiondatatransmission.Wedemonstratethatenergyefficiencyisnot
inconflictwithourVCSELs'RINcharacteristics.Theexperimentalresultsindicatethatsmalloxide-
aperturediameter VCSELs,whicharethe mostsuitableforenergy-efficient,temperature-stable
operation,exhibitlowerlaserRINduetolessmodecompetitioninsidethesmalleropticalcavityvolume.
Ourenergy-efficientVCSELsfulfilltheRINrequirementsofthe32GFibreChannelstandard.These
devicesareadvantageousforfuturehighperformancecomputerapplications.
Keywords:RIN;Vertical-CavitySurface-EmittingLasers(VCSEL);High-speed;Energy-effcient;
Opticalinterconnect
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0 Introduction
VerticalCavitySurfaceEmittingLasers(VCSELs)areakeyenablingtechnologyforbothdeployed

andfutureshort-reachOpticalInterconnects(OIs).TheattributesofVCSEL-basedOIsincludelowenergy
consumption,lowcost,efficientopticalcoupling,anddirectcurrentmodulation[1-4].In moderndata
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centersitiscommontofindthatabout90% oftheopticalinterconnectswithinandbetweenservers,
whetherpassiveoractiveopticalcables,are100morshorterwiththemostoftendeployedlengthinthe
rangeof20-30m.Thetypicallengthsoftheshort-reachopticalinterconnectsisnotexpectedtodrastically
changeasthebitratemigratesto25-28Gbit/s.Newopportunitiesinshort-reachopticalinterconnectsat
distancesof~20morlessareemergingastheenergyefficiencyandthebandwidthdensityofcomplete
opticallinkssurpasstheenergyefficiencyandthebandwidthdensityofelectricalinterconnects.Highspeed
andenergyefficiencyofOIsisachievedbydirectlymodulatingsmalloxide-aperturediameterVCSELs
biasedatmoderatecurrentswithsimpleNon-Return-to-Zero(NRZ)on-offkeyingdatacoding[5-6].This
modulationformatislimitedbytheanalog-3-dBbandwidthsoftheVCSELs.TheVCSEL'Relative
IntensityNoise(RIN),whichisamajorsourceofOIsystemnoise,degradesthesignalqualityand
increasestheBitErrorRate(BER)undercertainconditions[7].AlowRINflooracrosstheoperatingrange
isneededtoachievealargesignal-to-noiseratio(SNR).RINcharacteristicsoftengetlessattentionin
deviceresearch,wherethefocusisonthemodulationcharacteristics.SystemlimitationsduetopoorRIN
oftenarecompensatedbyover-drivingtheVCSELs,gettinglargermodulationbandwidththanneededas
comparedtoasystem withbetterRINcharacteristics[8].Thisstrategyincreasesstronglytherequired
operatingpowerandisincontrasttoefficiencyoptimizedapproaches.

Forapplicationsinshort-reachopticalinterconnectsweseeamassiveopportunitytofurtherdevelop
ourenergy-efficientVCSELsbutforemissionat~980nmduetotheinherenthighertemperaturestable
performanceofthe980nmVCSELs.Howeverinadditiontoenergyefficiencyandbitratewearealsovery
interestedinoptimizingotherVCSELattributesincludingthetemperaturestability,andeventuallythe
reliabilityandmanufacturabilityaswell.ForagivensetofattributesorspecificationstheoptimalVCSEL
emissionwavelengthmaybeslightlydifferentthanitwouldbeforsolelyanoptimalenergy-efficientdevice
atareasonablehighbitrate.Thepointisthattheenergy-efficiencyoftheVCSEL maynolongerbe
ignoredasasmallfractionoftheoveralllinkpower[9],andthisisespeciallytrueforhighdensity,high
bandwidthVCSELsthatwillbeintegratedasindividualdevicesorasarrayswithsilicon,flexibleplastic
materials,fabrics,oracornucopiaofotherhostmaterials.Forthesereasonsweseektooptimizethe
energyefficiency,bitrate,modalproperties,andotherattributesof980nmVCSELs,bothindividually
andsimultaneously.

980nmGaAs-basedVCSELsweredesigned,modeled,fabricated,andcharacterized.TheRINspectra
ofenergy-efficient,temperature-stable980-nm VCSELswerestudiedatdifferentbiascurrentsatroom
temperaturefordifferentoxide-aperturediameters.Low RIN operationisachievedevenatlow bias
currentsasrequiredspecificallyforenergy-efficient,error-freedatatransmissionoperation.

1 980NMVCSELDESIGN
TheVCSELsaregrownon76.2mm-diameter{001}-oriented2-degreeoffn-dopedGaAswafersbythe

commercialfoundryIQEplcCardiff,UKbymetal-organicchemical-vapordeposition(MOCVD)aswe
previouslyreported.Weemployfive~4.2nm-thickcompressivelystrainedIn0.21Ga0.79Asquantumwells
(QWs)and~6.0nm-thickGaAs0.12P0.88partiallystraincompensatingbarrierlayerstoformtheactive
regionwithina1.0λ-thick microcavity.GaAsbarrierlayersarecommonly usedtosurroundthe
compressivelystrainedInGaAsQWsfortheactiveregionofGaAs-based980-nm VCSELs.GaAsPis
anothercandidatebarriermaterial,wheretheGaAsPlayersareintensilestrainandservetopartially
counterthecompressiveQWstrain.GaAs0.88P0.12barrierlayerswith0.43%tensilestrainandno-strain
GaAsbarrierlayersarechoosetosurroundtheIn0.21Ga0.79AsQWs.TheQWthicknessischosentobe
4.2nm,thebarrierthicknessis6nm,andthusthecombinedsingleGaAs0.88P0.12/In0.21Ga0.79As/GaAs0.88
P0.12QWstructurelattice-matchedtoGaAsisbelowthecriticallayerthicknesslimit.Thebandalignment
ofIn0.21Ga0.79As/GaAs0.88P0.12andIn0.21Ga0.79As/GaAsQWsarecalculatedusingthemodel-solidtheory.
TheuseofGaAsPbarrierlayersresultsinabetterbandalignmentofthestrain-compensatedQWs
comparedtostandardIn0.21Ga0.79As/GaAsQWs.ForIn0.21Ga0.79As/GaAstheconductionbandoffsetis
0.15eV.TheconductionbandoffsetofIn0.21Ga0.79As/GaAs0.12P0.88QWsis0.18eV,20%largerthanthe
In0.21Ga0.79As/GaAsQWs.Anincreasedconductionbandoffsetandvalencebandoffsetisbeneficialforthe
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electronandholeconfinementandalsocanreducethethermalescapeofcarriers.VCSELswithstrain
compensatedIn0.21Ga0.79As/GaAs0.88P0.12QWswillhavelesstemperaturesensitivity,enablingtheVCSELs
tohaveabetterperformanceathightemperature,whichhasbeenprovenbyexperimentalcomparison.The
valencesubbandsarecalculatedusingthek·ptheory.In0.21Ga0.79As/GaAs0.88P0.12 QWshavealarger
energyseparationattheΓpointthanthestandardIn0.21Ga0.79As/GaAsQWs,betweenthefirstheavyhole
HH1andthefirstlightholeLH1subband.Alsothein-planeeffectivemassoftheholesbecomelighter.
Thecarrierfillingismainlyrelatedtothein-planeeffectivemassoftheholes,andthusthedensityof
statesinthevalenceandconductionbandsaremorecloselymatched,thepopulationinversionisearlier
achievedatlowerinjectioncarrierdensity,resultinginahigherdifferentialgainandlowertransparency
carrierdensity.

Also,a-15nmroomtemperatureQWpeakluminescencewavelengthtoetalonwavelengthoffsetis
employedtoimproveourVCSEL'hightemperaturestaticanddynamicperformance.TheQWgain-to-
etalonwavelengthoffsetnotonlyhasanimportantinfluenceonthestaticperformance,butalsoalarge
impactonthehigh-speed modulationproperties,asthechangeofthedifferentialQW gainfora
temperatureincreaseisnoticeablyreduced.Thiseffectcanbepredictedbasedontemperaturedependent
calculationsofthedifferentialgain.Thedifferentialgainversuswavelengthatthethreshold-gain-pointfor
differenttemperaturesiscalculatedby:1)determiningthethresholdgainoftheVCSELsatagiven
temperatureaccountingformirrorlossesandabsorption;2)usingthesameapproachtodeterminethe
parametersforthespecificrequiredQWgain;and3)calculatingthedifferentialgainatthisthreshold-gain-
point.Thethresholdgainiscalculatedtobehere472cm-1at300K.Asexpected,thecalculationsshow
thatthedifferentialgainpeakmovestolongerwavelengthswithelevatedtemperaturesandatthesame
time,themaximumgaindecreasesslowly,asshowninFig.1.Anactiveregionwithhighdifferentialgain
isdesiredforhighbitrateVCSELs.AhigherdifferentialgainleadstoalargerD-factorandthusafaster
increaseofrelaxationresonancefrequency withcurrent.ThisenablestheVCSELtoreachalarger
modulationbandwidthbeforeitislimitedbydampingorthermaleffects.Inordertoillustratethe
importanceofthechangeindifferentialgainwithtemperaturetothetemperaturestabilityofthedevices,
theresultsforgain-to-etalonwavelengthoffsetsof0,-5,-10,-15,-20and-25nmaredepictedin
Fig.1.Thehighestdifferentialgainisobtainedwhenthegain-to-etalonwavelengthoffsetsis0nmandthe
activeregiontemperatureis300K,andthedifferentialgaindecreasesrapidlywithincreasingtemperature.
Thetemperatureoftheactiveregionisalwayshigherthantheambienttemperature,thusalarge
differentialgainatelevatedtemperaturesisclearlyimportantforatemperaturerobustVCSEL.The
-15nmgain-to-etalonwavelengthoffsetdesignhasasmootherchangeofthedifferentialgainacrossthe
temperaturerangeof25-85℃comparedtooffsets
of0nmand-25nm.The-15nmoffsetalso
resultsinhigherdifferentialgainattemperatures
above~350KascomparedtoaVCSELwitha
0nm gain-to-etalon wavelength offset.Thisis
clearlybeneficialforoperationathighbitrateat
hightemperaturesfortemperaturestability.Also,
thislargerdifferentialgainresultsinalargeD-
factor,whichisanimportantfactorforVCSELs
reachacertainbandwidthatalowbiascurrent,to
enablealow operating powerconsumption.A
largeroffset,forexample-25nm,resultsina
lowerdifferentialgainat300-340K.Inaddition,
thedifferentialgainatfrom ~360-385Kisless
thanwhatispossiblewitha-15nmoffset.

Fig.1 Calculateddifferentialgainversustemperaturefor
300Kgain-to-etalonwavelengthoffsetsof0,-5,
-10,-15,-20,and-25nm

  DopedAl0.12Ga0.88As/Al0.90Ga0.10AsDistributedBraggReflectors(DBRs)with~20nm-thicklinear
gradedinterfaceswith24and37.5periodswereusedforthetopandbottom mirror,respectively.As
shownschematicallyinFigure2,TheVCSELswereprocessedintoahigh-speedGround-Signal-Ground
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(GSG)padlayoutconfigurationtofacilitatehighbitratedatatransmissiontesting.Twodry-etchedmesas
wereusedtofacilitateimprovedheatdissipation.Thetopmesadiametervariesfromabout18μmto31μm
instepsofinitially0.5μmandthen1.0μmresultinginacolumnof16VCSELswithdifferentoxide
aperturediametersafterthesimultaneousselectiveoxidationofallVCSELsonagivenwaferpiece.Agiven
bottommesadiameteris30μmlargerthanitstopmesadiameter.Then-typebottomcontactisprocessed
intotheshapeofathree-quarterring.Thick(~8μm)dry-etchedbisbenzo-cyclobutene(BCB)isusedto
reduceelectricalparasitics,approximatelyplanarizethesurface,andenabletheevaporationofthecoplanar
contactpadsforon-waferhighfrequencyprobing.Thedevicepitchandcontactsizesweredesignedto
facilitatefastautomaticContinuousWave(CW)wafer-levelautomatedcharacterization.InFigure3we
showtherealrefractiveindexprofileofour980nm VCSELsinandaroundtheQWactiveregionand
opticalcavity,alongwiththeelectric-fieldintensityonresonance.

Fig.2 Simplifiedschematicdiagram(nottoscale)ofthefabricated980nmVCSEL

Fig.3 Realrefractiveindexandelectric-fieldintensitybothversusdistancefromthetopsurfaceforthe980nmVCSEL

2 Theory
Systematicinvestigationsof980nm VCSELs werperformedindatatransmissionexperiments

focusingonenergyefficiency.Theresultsshowthatenergyefficiencystronglydependsontheoxide-
aperturediameter.Thesmallestpossibleheat-to-bit-rateratioisusuallyachievedbyusingsmalloxide-
aperturediameterVCSELsbiasedatlowcurrents.SinceRINisalsostronglydependentontheoxide-
aperturediameterandbiascurrent,theRINcharacteristicsforenergy-efficientVCSELsareimportantfor
overallOIsystemperformance.TheVCSEL'RelativeIntensityNoise(RIN),whichisamajorsourceof
OIsystemnoise,degradesthesignalqualityandincreasestheBitErrorRatio (BER)undercertain
conditions.AlowRINflooracrosstheoperatingrangeisneededtoachievealargeSignal-to-NoiseRatio
(SNR).RINcharacteristicsoftengetlessattentionindeviceresearch,wherethefocusisonthe
modulationcharacteristics.SystemlimitationsduetopoorRINareoftencompensatedbyover-drivingthe
VCSELs,gettinglargermodulationbandwidththanneededascomparedtoasystem withbetterRIN
characteristics.Thisstrategyincreasesstronglytherequiredoperatingpowerandisincontrasttoefficiency
optimizedapproaches.Intensitynoiseinalaserdiodeiscausedbyrandomcarrierandphotonrecombination
andgenerationevents,producinginstantaneoustimevariationsinthecarrierandphotondensities.The
intensitynoisemainlycomesfromthelaserdiodemodecompetition,aswellastheopticalinterference
betweenthecoherentlasermodesandthespontaneouslightemission.AlaserwithlowRINisessentialin
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thepursuitofhighfidelityopticaltransmission.AccordingtoRef.[10],theRINneedstobebelow-128
dB/Hzin28Gb/sdatatransmission.AsRINchangewithbiascurrentandoxide-aperturediameterof
VCSELs,itisusefultoknowtheRINvalueatthebiasconditionsforhighbitrateandenergyefficient
operation.

Thevariationinphotondensitycausesavariationinoutputpower.Theintensitynoise(opticalpower
fluctuations)isquantifiedusingtherelativeintensitynoise,whichisthepowernoisenormalizedtothe
averagepowerlevel.Opticalpowerisdetectedwithafastphotodetector,andthustheopticalpower
fluctuationsaretransformedintoelectricalpowerfluctuations,whicharemeasuredwithanElectrical
SpectrumAnalyzer(ESA).RINcanbeexpressedthroughtheelectricalvalues[11]

RIN=
Ntotal

Pavg,elec
=

Nlaser+Nth+NPD,shot

Pavg,elec
(dB/Hz) (1)

whereNtotal(dBm/Hz)istheoverallnoiseandPavg,elecistheaverageelectricalpower.Theoverallnoise
Ntotalhasthreenoisecomponents:theVCSELnoiseNlaser,thethermalnoiseNth,andshotnoiseNPD,shot.
ThetotalamplifiedsystemnoisepowerspectrumNtotalismeasurebytheESAwiththelaserdiodeon.By
turningoffthelaserandkeepingtheoperationofthephotodetectorandamplifiers,thesignalanalyzer
measuresonlythethermalnoisepowerspectrum Nth(f).NtotalandNthareweightedusingthepower
spectraldensityperunitbandwidthwiththeunitofdBm/Hz,whichcanbecalculatedfromnoisepower
(dBm)andtheresolutionbandwidth(RBW)oftheESAusing1dBm/Hz=1dBm -10log(BW).G(f)
(dB)isthefrequency-dependedamplifierpowergain.ShotnoiseNPD,shot=2qIphRListheshotnoisepower
ofthephotodetectorundertheaverageinputlaserpowerP0,Iphisthephotocurrentoutofthe
photodetector,RListheloadresistanceoftheamplifierinputport.NPD,shotappearsatthephotodetector
andrisesproportionallytothedetectedopticalpower.TheaverageelectricalpowerPavg,elec=I2phRL.After
subtractingthesystemthermalnoiseandthephotodetectorshotnoise,theintrinsiclaserRINcanbe
extractedas

RIN|laser(f)=
[Ntotal(f)-Nth(f)]/G(f)-NPD,shot

Pavg,elec
(2)

RINcorrespondingtoshortnoisecanbecalculatedas

RIN|PD,short=
NPD,shot

Pavg,elec
=
2qIphRL

I2phRL
=
2q
Iph

(3)

  ForthelaserdiodeRINcharacterization,theVCSELundertestisbiasedatconstantDCcurrents,and
theoutputlightisdirectlycoupledintoa5m-lengthlensedmultimodefiber.Theopticalfiberisconnected
toahighspeedNewFocus25GHzphotodetector1434-50,andthesignalisamplifiedbytwocascaded
amplifiersSHF100APandSHF804EAwithgainof19and20dBtoproduceenoughamplificationtoraise
thesignalabovethenoisefloorofourspectrumanalyzer.Thefrequency-dependedtotalamplifierpower
gainG(f)oftwocascadedamplifiersismeasuredusingaNetworkAnalyzer.ThisfactorG(f)is
subtractedfromthenoisemeasuredbytheESAtocompensateforthegainandthefrequencyresponseof
theamplifiers.The New Focusphotodetectorhasabuildinbias monitorto measuretheaverage
photocurrentduringthemeasurements.TheaverageDCphotocurrentcanbecalculatedusingagainfactor
of1mV/μAtodeterminetheaverageopticalpower.TomeasureoneRINvalueataspecificdiodecurrent,
thefirstmeasurementisperformedwiththeVCSELturnedontodeterminetheamplifiedoverallnoise
Ntotalbyusinga Hewlett-Packard (HP)8562A Spectrum Analyzer.Thenasecond measurementis
performedwiththeVCSELturnedoff,whileleavingunchangedthephotodetectorandamplifiers,to
determinethethermalnoiseNth.Thethermalnoisedoesnotdependontheopticalpower,whichcanbe
simplysubtractedfromthetotalnoise.TheresolutionbandwidthoftheESAshouldbesetlowenoughfor
thehighestpossiblemeasurementprecisionwithstillenoughsensitivity.Themeasurementprecisionisset
at30kHzforfollowingmeasurements.

3 Results
LaserdiodeRINdependsonmanydeviceperformanceandmeasurementtestconditionparameters,

themostimportantaretestfrequency,laserdiodeoutputpower,theoperatingtemperature,modulation
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frequency,modulationsignaltimedelay,the magnitudeofany opticalfeedback,theside-mode-
suppressionratiooftheemissionspectra,andtherelaxationoscillationfrequency.Fig.4(a)showsthe
measuredRINspectrafordifferentbiascurrentsabovethresholdcurrentatroomtemperaturefora~5to
~7μmoxide-aperturediameter980-nmVCSELaswellasthecalculatedshotnoiselevelforthehighest
biascurrent.Thebehaviorisasexpected,withmaximumnoiseintensityattherelaxationoscillation
frequency,anincreasingrelaxationfrequencywithbiascurrent,andadecreaseintheRINwithanincrease
inbiascurrent.ThisisbecausethepredominantsourceofRINisusuallyspontaneousemission.Hence,
RINreachesamaximumjustabovethresholdwhenthespontaneousemissionistypicallyatamaximum,
andthentheRINdecreasewithincreasingbiascurrent,whenthenoisepowerdonotincreasetoomuch
whiletheopticalpowerincreasedfastathighcurrents.Thesehigh-frequencyRINspectracontainwell-
definedpeaksandreachthemaximumRINvalueattherelaxationoscillationfrequency.Forsmalloxide-
aperturediameter(~5μm)VCSEL,thenoisesaturatesattheshotnoisefloor,butthenoiseofthelarge
oxide-aperturediameter (~7μm)VCSELishigherdueto modecompetition.Dueto muchlarger
photocurrent,theshotnoiselevelisalsolowerforlargeroxide-aperturediameterVCSELs.Also,larger
oxide-aperturediameterVCSELsarefaster(smallpercentageofrollovercurrent)toachievelowRINthan
smallonesevenwithhigherordermodecompetition,wheremaximumRINvaluesandtheoutputpower
versuscurrentareshown.ForthesamelowRINvalueof-141dB/Hz,thebiascurrentneedtobelarger
than3and6.1mAfor~3and ~7μmoxide-aperturediameterVCSELs,respectively.Therollover
currentsare6and16mAfor~3and~7μmoxide-aperturediameterVCSELs.Biascurrentneedtolarger
than49%oftherollovercurrenttohavelowRINof-141dB/Hzwith~3μmoxide-aperturediameter
VCSELs,butonly37.6%oftherollovercurrenttohavelowRINof-141dB/Hzbyusing~7μmoxide-
aperturediameterVCSELs.Solargeroxide-aperturediameterVCSELsarefastertoreachlowRINvalue,
leadingintolowerRINforhigh-bitrateoperation.

Fig.4 RINspectrafordifferentbiasconditionsatroomtemperature980-nmVCSELs
  ThemaximumvalueoflaserdiodeRINisattherelaxationresonancefrequency.Fig.5showsthese
maximumRINvaluesversusbiascurrentforVCSELswith ~3,4,5,6and7μm oxide-aperture
diameters.The-3dBbandwidthisextractedfromtheS21measurementsmaybeusedtoestimatethe
maximumachievablenon-return-to-zeroerror-freebitratethatispossiblewiththegivenVCSELwhenthe
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VCSEListestedinthelaboratory.Itisclearthatforagivenconstantcurrentlargeroxide-aperture
diametersVCSELshavehigherRINvaluesthansmallerapertureones.Thisisbecausethephotondensity
ishigherforsmalleroxide-aperturediameterVCSELsduetothesmalleropticalmodevolume.The
relaxationresonancefrequencyandthedampingbothincreasewithanincreaseinphotondensity,which
leadstolowerRINvaluesforsmalleroxide-aperturediameterVCSELs.Atthesametime,smalleroxide-
aperturediameterVCSELsneedsmallercurrentstoachievethesamebandwidth,asshowinFig.4.Small
currentsleadtoahighRINvalue.Toachieveahigh-3dBbandwidthof18.9GHz,theRINisonly-141
and-151dB/Hzfor~3and~4μmoxide-aperturediameterVCSELs,andreachesthequantumlimitfor
largerVCSELs.Sosmalloxide-aperturediameterVCSELsnotonlybenefitfrom ahigher -3dB
bandwidthandlowerpowerdissipation[12-13],buttheyalsohavesufficientlylownoise,thatenablestheuse
oftheseVCSELsinfuturehigh-speedandlownoiseopticallinkswithlowenergyconsumption.

Fig.5 Comparisonofmaximum RINvaluefor980-nm VCSELswithdifferentoxide-aperturediametersoperatedatroom
temperature,andthe-3dBbandwidthvs.biascurrent

4 Conclusion
Inconclusion,theRINspectraofenergy-efficient,temperature-stable980-nmVCSELswerestudied

atdifferentbiascurrentsatroomtemperaturefordifferentoxide-aperturediameters.LowRINoperationis
achievedevenatlowbiascurrentsasrequiredspecificallyforenergy-efficient,error-freedatatransmission
operation.Theresultsshowthatsmalleroxide-aperturediameterVCSELsexhibitlowerlaserdiodeRIN
duetolessmodecompetitionatagiven-3dBbandwidth.Thetrendisconsistentwithenergy-efficient
operation.TheVCSELssatisfythebandwidthandRINrequirementsforthe32GFCFibreChannel
standard.Oursmalloxide-aperturediameter(3to4μm)VCSELsnotonlybenefitfromalarger-3dB
bandwidthandlowerenergydissipationpertransmittedbit,buttheyalsoshowextremelylownoise.being
advantageousforshortreachopticalinterconnectsinhighperformancecomputersandinboard-to-board
andchip-to-chipintegratedphotonicssystems.
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