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2.5 Gbit/s Data Transmission over 10 km Standard
Single-Mode Fiber Using InGaAs VCSELs at 1.13 � m

Emission Wavelength

JürgenJoosandIreneEcker

Vertical-cavity surface-emittinglasers with an InGaAsquantumwell, operating at 1129nm
havebeenfabricated. Due to lateral single-modebehaviorand narrow far-field anglesthe
devicesareversatilesourcesfor opticalfiber links. Bit error rates(BER)of lessthan10����� are
demonstratedfor 2.5Gbit/sdatatransmissionover10kmstandard single-modefiber.

1. Introduction

Vertical-cavity surface-emittinglasers(VCSELs)with emissionwavelengthsbeyond1 � m are
extremelyattractive sourcesfor long-distanceoptical communication.Even thoughtherehas
beenmucheffort in developinglong-wavelengthVCSELsthereis muchmoresuccessin fab-
ricatinghigh-performancenear-infrared(850nm and980nm) devices[1]. Nevertheless,there
have beenremarkableresultsin datatransmissionexperimentsusing double-fusedVCSELs
[2, 3]. However, dueto complicatedprocessingthisconceptionhaslost importancewith respect
to new technologiesof GaAs-basedlong-wavelengthVCSELs. Recentlytherehasbeengreat
successin fabricatingdeviceswith active materialsincluding Sb [4], InAs quantumdots[5],
andGaInNAs [6]. Wepresentsingle-modevertical-cavity laserswith ahighly strainedInGaAs
quantumwell emititing at 1129nm wavelength,anddemonstrate2.5Gbit/sdatatransmission
over10km opticalfiber.

2. Device fabrication

TheVCSEL devicesaregrown by solid sourcemolecularbeamepitaxy. Theactive zonecon-
sistsof asingle7nmthick In ��� 	
	 Ga��� �� As quantumwell embeddedbetweenGaAscladdinglay-
ers. Thequantumwell thicknessandcompositionis keptslightly below thecritical thickness,
calculatedaccordingto theMatthew-Blakesleeformula. Thep-typeandn-typeAlGaAs-GaAs
Braggreflectorsaredopedusingcarbonandsilicon,respectively. After epitaxialgrowthandwet
chemicalmesaetching,thecurrentaperturewith anactive diameterof about6 � m is defined.
This is carriedout by selective oxidationof an AlAs layer in a hot watervaporenvironment.
FurtherfabricationstepsareTi-Pt-Au top metalcontactevaporation,passivationlayerdeposi-
tion, Ge-Ni-Aubottommetalcontactevaporation,bondpaddeposition,andwire bonding.The
devicestructureis shown in Fig. 1.
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Fig. 1. Structureof a singleInGaAsquantumwell VCSEL

3. Device properties

In Fig. 2 and3 theCW roomtemperaturecharacteristicsandtheopticalspectrumaredepicted,
respectively.

Fig. 2. Characteristicsof 6 � m diameterlong-
wavelengthInGaAsVCSEL

Fig. 3. CW emissionspectrumof 6 � m diameter
long-wavelengthInGaAsVCSEL

Thethresholdcurrentof thedevicesis 3.9mA. While � - � -measurementswerecarriedoutusing
a largeareaphotodetector, thespectrumwasmeasuredafterbutt-couplinginto a50 � m diame-
terfiberandexhibits transversalfundamental-modeemissionat1129nm. Evenbeyondthermal
rollover at abouttwo timesthresholdcurrentthereis no visible side-mode.Thepeakwidth is
limited by theresolutionof thespectrumanalyzerof 0.1nm. Throughoutthemeasurementsthe
deviceswerenot thermallymountedbut simplyattachedto acoppercarrier.

Fig. 4 shows the measuredfar field characteristicsof the VCSEL andfor comparisonthe far
field of thestandardsinglemodefiber usedfor datatransmissionexperiments.Both of thefar
field measurementswerecarriedout by recordingtheangulardistribution of theopticalpower
atadistanceof 30cmto thedevice. Accordingto
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describingtherelationbetweenthe1/e� -width of thefarfield angle
� �!�"�

, thebeamwaistradius� � , andthe wavelength
�

for Gaussianbeams,the beamwaist diameterwascalculatedto be
6.1 � m andthereforecoincidesverywell with theactivedevicediameter.

Fig. 4. Farfield of 6 � m single-modeVCSELandstandardsingle-modefiber.

Usingthedatafrom Fig. 4, thebeamdiameterof thefiber wascalculatedto be10.2� m. The
outputbeamof the VCSEL reachesthis valueat a distanceof 34 � m. This moderatebeam
wideningallows couplingfrom the VCSEL into a standardsingle-modefiber with measured
efficienciesof greaterthan90%.

4. Dynamic properties

Fig. 5 shows RIN spectrameasuredat variousbias currents. The RIN measurementswere
carriedout by placinga 16 # 16 � m� InGaAsphotodiodedirectly in front of the laserdevice.
Increasingcurrentleadsto decreasingnoisenot too far above the shotnoiselimit, which is
locatedat $&%(')% dB/Hz for a photocurrentof 375 � A, correspondingto 6.2mA laserdriving
current.However, by furtheroptimizingthethresholdcurrentdensity, a still lower noise,even
below shotnoise[7], could be expected. In order to describethe dynamiccharacteristicsof
thedevices,themodulationefficiency hasbeenexaminated.Theresultsaredepictedin Fig. 6.
Fromthe slopeof the fitting curve a modulationefficiency factorof *,+.- � %0/2143 GHz/mA

���
�

hasbeenextracted. After all emissionwavelengthhasto be weighedagainstnoiseand RF
characteristicsof thedevices.

Anothermeasureof dynamicbehavior, the so-called 5 -factor [8], is relatedto the intrinsic
maximum3 dB cornerfrequency by

687�9
: �<; � � �5 / (2)

It is derivedfrom its proportionalityto thesquaredresonancefrequency. Accordingto Fig. 7 a
5 -factorof 2.51nswasfound,which correspondsto a cornerfrequency of 6(7=9": � 1)/>'?3 GHz.
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Fig. 5. VCSELrelative intensitynoisefor variousbiascurrents.

Thesinglequantumwell asactivelayerisexpectedtobethereasonfor thesemoderatevalues.A
largecarrierdensityin thequantumwell is requiredin orderto providesufficientgain,whichin
its turnleadsto reduceddifferentialgain @BADC4@BE . However, by usingtwo or morequantumwells
theoverall strainin theactive region increasesandthecritical thicknesscouldbeexceeded.

Fig. 6. Modulationefficiency.
Fig. 7. Relationbetweendampingcoefficient and
resonancefrequency squared.The slopedefines
the F -factor.

5. Data transmission

Basedon the precedingresults,datatransmissionexperimentswerecarriedout. The device
is driven at a bias currentof 6mA. A 2.5Gbit/s pseudo-randombit sequence(PRBS)withGIHH �KJ /L3 V is addedby meansof a bias-tee.The reasonfor choosingthis high biascurrent
andhencethe low modulationectinctionratio is the increasingnoiseat lower currents,which
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wasapprovedby varyingbothof thevaluesfor optimumtransmissionresults.Theusedword
lengthof 2� $M% is standardfor dataencodingin LANs ase.g.,Gigabit Ethernetusing8B/10B
encoding.Theopticalsignalpassesavariableattenuatorin orderto adjusttheopticalpower. It
is detectedbya2GHzbandwidthGepin-photodiode.Thesignalis monitoredwith anelectrical
samplingoscilloscopeandanalyzedwith a BER decoder. The datatransmissionresultsare
shown in Fig. 8 whereopencirclesrefer to back-to-backtestingandplain diamondsdenote
transmissionover 10km standardsinglemodefiber. Thecomparatively low power penaltyfor
10km transmissionof 1dB proofsthealmostnegligible amountof fiber dispersion.Thus,the
limiting factorfor goingto distanceslargerthan10km is absorptionratherthandispersion.The
eyediagramwhichwasrecordedatabit-errorrateof % J �

�
�
is symmetricandwideopen.
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Fig.8. Bit errorrate(BER)characteristicsfor 2.5Gbit/sdatatransmissionover10km of standardsingle-
modefiber (SMF)andback-to-backtesting.TheinseteyediagramwasrecordedatBER NPORQ �
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6. Conclusion

We have demonstratedhigh-performancesingle-modeVCSELs with a single In ��� 	
	 Ga�S� ��� As
quantumwell emittingat 1129nm wavelength.Thedevicesexhibit a far field angleof T ���
�U�V /XWZY , an intrinsic cornerfrequency of 3.54GHz, and a 5 -factor of 2.51ns. Error-free data
transmissionwasachievedwith 2.5Gbit/sPRBSover10km standardsingle-modefiber.
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