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An experimentalstudyof a
���������

with frequency selectivefeedback( 	 � 	 ) is reported.Weshow thatwe
canforcethelaserto emit in its fundamentaltransversemodeor in a higherordertransversemodeandthatwe
canalsocontrolthepolarizationemittedin thefundamentalone.Weobtainsinglefundamentalmodeoperation
within a largerangeof injectioncurrentvalues(almost 
���
 ������� ) anda maximumopticalpower of ��
 ����� . In
this currentrangetheoutputis foundto bestable.

I. INTRODUCTION

Vertical Cavity Surface-EmittingLasershave attracteda
greatdealof interestin lastyearsfor bothtechnologicalappli-
cationsandscientificresearch[1] becauseof their advantages
over edge-emittinglasers( ����� ): particularly, high modu-
lation bandwidth,circular output beam,low thresholdcur-
rent andsingle longitudinalmodeoperation. In fact, dueto
the shortcavity lenght( �! �"�# ), $�%'&(���*) canoscillatein
a single longitudinal mode. However, the modal behaviour
dependsstronglyon the transversedimensionof the device,+
, and on the confinementmechanism: in small VCSELs

(
+-,/. "�# ), only the fundamentaltransversemodeis sup-

portedby the cavity, but, dueto the small active region, the
emittedpower is in generalquite low. On the other hand,
in larger VCSELs (

+10!. "�# ) higher optical power can be
achieved, but singlemodeoperationis possibleonly over a
limited rangeof injectioncurrentscloseto threshold.

Anotherdifferencewith respectto ����� is thepolarization
behaviour: becauseof their specificgeometry, evenin funda-
mentaltransverseoperation,VCSELscanemit two orthogo-
nalpolarizationmodesat thesametimeor exhibit aflip of the
dominantpolarizationby 24365 as the pump currentis varied
(polarizationswitching)[2,3]. Thesetwo polarizationmodes
arespectrallysplittedby a smallamount( � .87  934:';=< ) be-
causeof birefringence[4,5].

To obtainhighsingle-modeoutputpower(few mW) within
a large rangeof injection currentscould be interestingfor
spectroscopicapplicationsand(single-mode)communication
systems[4,6,7]. For theseapplications,it is important to
avoid multimodeoscillation in large aperturedevicesandto
control the polarizationof the emittedfield. This requiresto
develop methodsfor achieving the control of the transverse
and polarizationmodesemitted by the $�%'&>��� . Several
approacheshave beenattemptedto increasethe singlemode
outputpower of $�%'&>���*) : increasingthecavity lenght[8],
hybrid implant/oxideVCSELs[9], surfaceetching[10],
passiveantiguideregion [11]. In [12] theperformancesof a
compactexternalmicrocavity surfaceemittinglaserhavebeen
studied: ?@#BA singlemodeemissionhavebeenobtained.
In [13] theauthorsdemonstratedCED F�#BA singlemodeemission,
by reducingindex guidingon fundamentalmodestability.
However all thesemethodsinvolve technicalmodifications
in the structureof the device not available to the common
users.

Here,we proposeto apply to the $G%'&(��� a very standard
methodto achieve frequency tuning and single longitudinal
modeemissionin ����� [14]. The first orderreflectionof a
diffractiongratingusedin thegrazingincidenceconfiguration
(Littman externalcavity [15]) is reinjectedinto thelasercav-
ity by a mirror. In ����� the external optical cavity allows
to selecta single longitudinalmodeof the laserbecausethe
diffractiongratingactsasa frequency selectiveelementwhile
theangleof thetuningmirror selectstheoutputwavelenghtto
reinject. We show that in $�%'&(���H) this simplesetupleads
to singlefundamentalmodeemissionandthatwe cancontrol
transverseandpolarizationmodesemittedby thedevice.

II. EXPERIMENTAL SETUP

The experimentalsetupconsistsin a $G%'&(��� with fre-
quency selective optical feedbackthroughLittman external
cavity. TheVCSEL is a  JI4"�# diameteroxide-confineddevice
with 33.5n-typepairsbottommirror, 26p-typepairstop mirror,
andhalf-wavelenghtcavity. Thelasingwavelenghtis F4CK34L�#
at roomtemperatureandthethreshold of thesolitarylaser
is  4D I43�#NM . The external cavity length is  .�O # ,
corresponding to a free spectral range of  J:';=< .
Themodematchingconditionfor the fundamentalmodeis
achievedby focalizingtheemittedlight on theexternalcavity
mirror. Beamfocusingon the externalmirror impliesthatthe
returnedbeamat thetop mirror is theimageof theemittedbeam.
The output(from the gratingzero-orderreflection)is sentto
a Fabry-Perotinterferometer(freespectralrange  JF43�:';QP )
and, then, is splitted in two parts through a no-polarizing
beamsplitter: onepart is detectedby a photodiodeprovid-
ing the optical spectrum,and the other is monitoredby a
CCDcameraproviding thecorrespondingfrequency-resolved
transverseprofiles. Another part of the output beamis de-
tectedby an avalanchephotodiode(2 GHz bandwidth)cou-
pled with a spectrumanalyser, providing information about
any presenceof fastdynamicsin theoutput.An opticaldiode
is insertedin the path in order to avoid feedbackfrom the
Fabry-Perot. A half-wave plate before the grating allows
us to changethe orientationof the polarizationaxes of the
light with respectto the gratinglines. It is worth remarking
that the grating efficiency dependson the polarizationori-
entation. The efficiency differencefor the two orthogonal
polarizationsis of a factor 4. In our study we initially fix

1



the positionof the half-wave plate in order to align the po-
larizationR axesof the light at C . 5 with respectto the grating
lines. In theseconditions,thetwo orthogonalpolarizations
emittedby theVCSELareboth orientedat C . 5 respectto
thegratinglines andsotheir lossespassingthrough
thegratingarethesame.As aconsequencethepercentageof reflected
light in thetwo polarizationsis thesame.This allows a sim-
pler characterizationand interpretationof the results. The
thresholdreductionis �SCUT . We have studiedthe system
responceas the reinjectedfrequency is changed(adjusting
thetuningmirror angle)andfor differentvaluesof thepump
current:particularly, measuresof theopticalspectrumandof
thefrequency resolvedtransverseprofilesareperformed.

III. RESULTS AND DISCUSSION

The typical optical spectrum with frequency resolved
transverse profile of the solitary laser is shown in Fig.
1. The pump current is  4DWV@3�#NM . We can clearly
see that two polarization in the fundamentalmode and
higher order transverse modes are emitted. At thresh-
old, the $G%'&(��� emits only in its fundamentaltransverse
mode, but the two orthogonal polarization are involved.
At  4D I�CK#XM thesecondordertransversemodestartsto emit
andat  KDYV�3�#NM alsothethird transversemodeis closeto threshold.
The separationbetweenpolarizationmodesis �Z 934:';=<
while betweenthetransversemodesis �[C634:';=< .

FIG. 1. Solitary laseroptical spectrumand frequency resolved
transverseprofilesat 1.70mA.

In Fig. 2 we show, for thesamepumpcurrent,theoptical
spectrumas the reinjectedfrequency is varied, togetherthe
emittedtransverseprofilesof the $G%'&(��� with \�&(\ in the
two polarization.

Severalpointsareworth noting:

1. We canforce the laserto emit in any of the two polar-
izationcomponentsof thefundamentaltransversemode
(first andsecondpeakin the figure), in the first trans-
versemode(third peak)andin the secondone(fourth
peak). In the solitary laser(seeFig. 1), at this current

we have emissionin the fundamentalmodeandin the
first transversemode,while the secondone it is very
closeto threshold.

2. For perfectmodematchedfeedbackand alignmentof
the external cavity, no dynamicsin the output is ob-
served. In our experimentwe haveoptimizedthemode
matchingfor thefundamentalmode.As a consequence
themodematchingfor higher-ordertransversemodesis
not perfect.This fact implies thatwe cannot easilyfix
the polarizationof the higher-order transversemodes,
asin thefundamentalone,andthattherangeof param-
eters(externalcavity alignment,current,temperature...)
for which theoutputis stableis smallerthanin thecase
of fundamentalmodeemission.For instance,thepres-
enceof dynamicsis evident looking at thewidth of the
fourth peakwith respectto thefirst one,in Fig. 2.

3. Whenthe temperatureandthe pumpcurrentarefixed,
the power of eachmodeselecteddependson the feed-
backstrenghtandonthepowerof themodeconsidered,
without feedback:in fact, at higher injection currents
( ? 7 ?]D . #NM ) or whenthe feedbacklevel is higherwe
are able to excite also the third and fourth transverse
mode. However, for currentsabove2.5mA, it is diffi-
cult to achievea stablesinglemodeemission.

4. For the above working conditions (same feedback
amountin thetwo polarizations)weobtainamaximum
singlefundamentalmodeoutputpower of �^V . 3�"_A
correspondingto aninjectioncurrentof ?`D . #XM .

FIG. 2. Optical spectrumandtransverseprofilesof the VCSEL
with frequency selectivefeedback,asthereinjectedfrequency is var-
ied: thepictureshowstheopticalspectracorrespondingto 4 different
tuningmirror angles.Theinjectioncurrentis aJ
 �JbJ�dc .

Fromthepoint of view of theapplications,it couldbevery
important to optimize the single fundamentalmode output
powerandthepumpcurrentrangeof stablesinglemodeoper-
ation. For this purpose,we have rotatedthe half-wave plate
(polarizationperpendicularto the grating lines) in order to
havethestrongestfeedbackaspossible.In fact,asmentioned
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above, the gratingefficiency (andso the feedbacklevel) de-
pendse on thepolarization.In this casethethresholdreduction
inducedby theopticalfeedbackis �f J3UT .

In thesenew working condition we selectthe fundamen-
tal transversemodeandwe performa measureas the pump
currentis varied.During themeasurewe have to readjustthe
tuningmirror angle,becauseof themodalfrequency shift due
to the currentchange.The resultsareshown in Fig. 3. We
observesingle(fundamental)modeemissionuntill g��hCK#XM
( � ?]D . g�ikj ); the correspondingoutput power is ?]DWVl#BA .
At thiscurrenttheoutputpowerof thesolitarylaseris  KD 24#NA
andfour transversemodesareemitting. Within this rangeof
currents,theemissionis stableandpolarizedperpendicularly
to the gratingrulings. For higher injection currentsthe out-
put startsto loosestability andhigher-ordertransversemodes
appear.

FIG. 3. Optical Spectraandemittedpower of the VCSEL with
	 � 	 in thepolarizationperpendicularto thegratinglines.

IV. CONCLUSION

We have shown experimentallythat \�&>\ allows us to se-
lect transversemodesin $�%'&(���H) andalsoto controlthepo-
larizationin thefundamentalone.Dueto thedichroiccharac-
teristicsof thegrating,therelativeorientationbetweenthepo-
larizationcomponentsof the VCSEL andthe gratingrulings
playsanimportantroleandallows to selectby frequency tun-
ing the fundamentalmodein eitherpolarizationwhenequal
feedbackto both componentsis applied. Whenonecompo-
nent is preferentiallyfed back, the laseroutput is polarized
in this direction,andwe haveobtainedsinglemodeoperation
in a large rangeof injectioncurrentswith a maximumstable
outputpowerof ?]DWVl#BA .
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