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An experimentaktudyof aV C'SE L with frequeny selectve feedback FSF) is reported We shav thatwe
canforcethelaserto emitin its fundamentatrans\ersemodeor in a higherordertransersemodeandthatwe
canalsocontrolthe polarizationemittedin thefundamentabne.We obtainsinglefundamentamodeoperation
within alargerangeof injectioncurrentvalues(almost=s 2.51;,) anda maximumopticalpower of 2.7mW . In

this currentrangethe outputis foundto be stable.

I.INTRODUCTION

Vertical Cavity Surface-EmittingLasershave attracteda
greatdealof interestin lastyearsfor bothtechnologicabppli-
cationsandscientificresearcjl] becausef their advantages
over edge-emittinglasers(E EL): particularly high modu-
lation bandwidth, circular output beam, low thresholdcur-
rent and single longitudinal modeoperation. In fact, dueto
the shortcavity lenght(~ 1um), VCSELs canoscillatein
a single longitudinal mode. However, the modal behaiour
dependsstrongly on the transwersedimensionof the device,
4, and on the confinementmechanism:in small VCSELs
(6 < 5um), only the fundamentatrans\ersemodeis sup-
portedby the cavity, but, dueto the small active region, the
emitted power is in generalquite low. On the other hand,
in larger VCSELs (§ > 5um) higher optical power canbe
achiesed, but single mode operationis possibleonly over a
limited rangeof injection currentscloseto threshold.

Anotherdifferencewith respecto EE L is thepolarization
behaiour: becaus®f their specificgeometryevenin funda-
mentaltrans\erseoperation,VCSELs canemit two orthogo-
nal polarizationmodesatthe sametime or exhibit aflip of the
dominantpolarizationby 90° asthe pump currentis varied
(polarizationswitching)[2,3]. Thesetwo polarizationmodes
arespectrallysplittedby a smallamount(~ 5 — 10GH z) be-
causeof birefringencdg4,5].

To obtainhigh single-modeutputpower (few mW) within
a large rangeof injection currentscould be interestingfor
spectroscopiapplicationsand(single-modeommunication
systems[4,6,7]. For theseapplications,it is importantto
avoid multimodeoscillationin large aperturedevicesandto
control the polarizationof the emittedfield. This requiresto
develop methodsfor achieving the control of the trans\erse
and polarizationmodesemitted by the VCSEL. Several
approachesave beenattemptedo increasethe single mode
outputpower of VCSELs: increasinghe cavity lenght[8],
hybrid implant/oxideVCSELSs[9], surfaceetching[10],
passve antiguideregion[11]. In[12] theperformancesf a
compactexternalmicrocavity surfaceemittinglaserhave been
studied:2mW singlemodeemissiorhave beenobtained.

In [13] theauthorddemonstrated.8m WV singlemodeemission,

by reducingindex guidingon  fundamentamodestability.
However all thesemethodsinvolve technicalmodifications
in the structureof the device not available to the common
users.

Here,we proposeto applyto the VCSEL avery standard
methodto achieve frequeng tuning and single longitudinal
modeemissionin EEL [14]. Thefirst orderreflectionof a
diffractiongratingusedin thegrazingincidenceconfiguration
(Littman externalcavity [15]) is reinjectedinto thelasercav-
ity by a mirror. In EEL the external optical cavity allows
to selecta single longitudinalmodeof the laserbecausehe
diffractiongratingactsasafrequeng selective elementwhile
theangleof thetuningmirror selectshe outputwavelenghto
reinject. We shav thatin VCSELs this simple setupleads
to singlefundamentamodeemissionandthatwe cancontrol
trans\erseandpolarizationmodesemittedby the device.

I1. EXPERIMENTAL SETUP

The experimentalsetupconsistsin a VCSEL with fre-
gueny selective optical feedbackthrough Littman external
cavity. TheVCSEL is a16um diameteroxide-confinedlevice
with 33.5n-typepairsbottommirror, 26 p-typepairstop mirror,

andhalf-wavelenghtcavity. Thelasingwavelenghtis 840nm
atroomtemperatur@ndthethreshold of thesolitarylaser
is1.60mA. The external cavity length is 15¢cm,
corresponding to a free spectral range of 1GH-z.
Themodematchingconditionfor the  fundamentamodeis
achievedby focalizingthe emittedlight on the externalcavity
mirror. Beamfocusingon the externalmirror impliesthatthe

returnedbeamat thetop mirroris theimageof the emittedbeam.

The output (from the gratingzero-ordereflection)is sentto
a Fabry-Perotnterferometei(free spectralrangel80 GH Z)
and, then, is splitted in two parts through a no-polarizing
beamsplitter: one partis detectedby a photodiodeprovid-
ing the optical spectrum,and the other is monitoredby a
CCD camergroviding the correspondindrequeng-resohed
trans\erseprofiles. Another part of the outputbeamis de-
tectedby an avalanchephotodiode(2 GHz bandwidth)cou-
pled with a spectrumanalyser providing information about
ary presencef fastdynamicsn the output. An opticaldiode
is insertedin the pathin orderto avoid feedbackfrom the
Fabry-Perot. A half-wave plate before the grating allows
us to changethe orientationof the polarizationaxes of the
light with respecto the gratinglines. It is worth remarking
that the grating efficiency dependson the polarizationori-
entation. The efficiengy differencefor the two orthogonal
polarizationsis of a factor4. In our study we initially fix



the position of the half-wave platein orderto align the po-
larization axes of the light at 45° with respecto the grating
lines. Intheseconditionsthetwo orthogonabpolarizations
emittedby theVCSEL areboth  orientedat45° respecto
thegratinglines andsotheirlossegassinghrough

we have emissionin the fundamentaimodeandin the
first trans\versemode, while the secondoneit is very
closeto threshold.

2. For perfectmodematchedeedbackand alignmentof

thegratingarethe sameAs aconsequencthe percentagef reflected the external cavity, no dynamicsin the outputis ob-

light in thetwo polarizationgs thesame.This allows a sim-
pler characterizatiorand interpretationof the results. The
thresholdreductionis ~ 4%. We have studiedthe system
responceas the reinjectedfrequengy is changed(adjusting
the tuning mirror angle)andfor differentvaluesof the pump
current: particularly measure®f the optical spectrumandof
thefrequeng resoledtrans\erseprofilesareperformed.

I11. RESULTS AND DISCUSSION

The typical optical spectrumwith frequeng resolhed
transwerse profile of the solitary laser is shovn in Fig.
1. The pump current is 1.70mA. We can clearly
see that two polarization in the fundamentalmode and
higher order trans\erse modes are emitted. At thresh-
old, the VCSEL emitsonly in its fundamentaltrans\erse
mode, but the two orthogonal polarization are involved.
At 1.64m A thesecondrdertranswersemodestartsto emit

sened. In our experimentwe have optimizedthe mode
matchingfor the fundamentamode.As aconsequence
themodematchingfor higherordertrans\ersemodess
not perfect. This factimplies thatwe cannot easilyfix
the polarizationof the higherordertrans\ersemodes,
asin thefundamentabne,andthatthe rangeof param-
eterg(externalcavity alignmentcurrenttemperature...)
for whichthe outputis stableis smallerthanin thecase
of fundamentamodeemission.For instancethe pres-
enceof dynamicsis evidentlooking at the width of the
fourth peakwith respecto thefirst one,in Fig. 2.

3. Whenthe temperatureandthe pump currentarefixed,
the power of eachmodeselecteddependon the feed-
backstrenghtandonthepower of themodeconsidered,
without feedback:in fact, at higherinjection currents
(2 — 2.5mA) or whenthe feedbacKevel is higherwe
are able to excite alsothe third and fourth trans\erse
mode. However, for currentsabore 2.5 maA, it is diffi-
cult to achieve a stablesinglemodeemission.

andat1.70m A alsothethird trans\ersemodeis closeto threshold

The separationbetweenpolarizationmodesis ~ 10GHz
while betweerthetrans\ersemodess ~ 40GH z.
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FIG. 1. Solitary laseroptical spectrumand frequeng resoled
trans\erseprofilesat 1.70mA.

In Fig. 2 we shaw, for the samepumpcurrent,the optical
spectrumas the reinjectedfrequeny is varied, togetherthe
emittedtrans\erseprofilesof the VCSEL with FSF in the
two polarization.

Severalpointsareworth noting:

1. We canforcethelaserto emitin ary of the two polar
izationcomponentsf thefundamentatrans\ersemode
(first and secondpeakin the figure), in the first trans-
versemode (third peak)andin the secondone (fourth
peak). In the solitary laser(seeFig. 1), atthis current

4. For the above working conditions (same feedback
amountin thetwo polarizations)yve obtaina maximum
single fundamentaimodeoutputpower of ~ 750 uW
correspondingo aninjectioncurrentof 2.5mA.
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FIG. 2. Optical spectrumand trans\erseprofiles of the VCSEL
with frequeng selectve feedbackasthereinjectedrequengy is var-
ied: thepictureshavs theopticalspectraorrespondingo 4 different
tuningmirror angles.Theinjectioncurrentis 1.70mA.

Fromthepoint of view of theapplicationsijt couldbevery
importantto optimize the single fundamentalmode output
powerandthe pumpcurrentrangeof stablesinglemodeoper
ation. For this purposewe have rotatedthe half-wave plate
(polarizationperpendiculatto the grating lines) in order to
have the strongesfeedbackaspossible In fact,asmentioned



above, the grating efficiency (and so the feedbackevel) de-
pendson thepolarization.In this casethethresholdreduction
inducedby the opticalfeedbacks ~ 10%.

In thesenew working condition we selectthe fundamen-
tal trans\ersemodeand we performa measureasthe pump
currentis varied. During the measureve have to readjusthe
tuningmirror angle becausef themodalfrequeng shift due
to the currentchange. The resultsareshavn in Fig. 3. We
obsene single(fundamentalinodeemissionuntill 7 ~ 4mA
(= 2.5I;,); the correspondingoutput power is 2.7mW .
At this currentthe outputpower of the solitarylaseris 1.9mW
andfour transversemodesareemitting  Within this rangeof
currentsthe emissionis stableandpolarizedperpendicularly
to the gratingrulings. For higherinjection currentsthe out-
put startsto loosestability andhigherordertranswersemodes
appear
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FIG. 3. Optical Spectraand emitted power of the VCSEL with
FSF in thepolarizationperpendiculato the gratinglines.

IV. CONCLUSION

We have shavn experimentallythat 'S F' allows usto se-
lecttransersemodesn V C'SE Ls andalsoto controlthe po-
larizationin thefundamentabne.Dueto thedichroiccharac-
teristicsof thegrating,therelative orientationbetweerthe po-
larizationcomponent®f the VCSEL andthe gratingrulings
playsanimportantrole andallows to selectby frequeng tun-
ing the fundamentalmodein eitherpolarizationwhenequal
feedbackto both componentss applied. Whenone compo-
nentis preferentiallyfed back, the laseroutputis polarized
in this direction,andwe have obtainedsinglemodeoperation
in alarge rangeof injection currentswith a maximumstable
outputpower of 2.7mW .
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