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Time-resolvedmeasurementsof the spectrumandthe far field of InGaN-basedlaserdiodesshow
lateral-modechangesand gradualtilting of the far field on a microsecondtime scale.Numerical
simulationsbasedon a microscopictheory are in good agreementwith the measurements.The
observedeffects are attributed to lateral carrier diffusion in combinationwith thermal lensing.
For violet-bluediodelasers,thereexistseveralimportant
applications,such as optical storageand laser printing, re-
quiring lateral mode stability. While the designof single-
modelasersis an ongoingproblem,the underlyingphysical
mechanismsleadingto stablefundamental-lateralmodeop-
erationin conventionalsemiconductorlasersis, in principle,
well understood.However, this understandingmaynot apply
to the wide-band-gapgroup-III nitride ~III-N ! materialsys-
tem becauseof its drasticallydifferent physicalproperties.1

That this is indeedthe caseis demonstratedin our recent
observationof lateral-modeinstabilities on a microsecond
time scale in a narrow ~2.25 mm wide! ridge-waveguide
InGaN laser.

The investigated laser diodes were fabricated by
OSRAM Opto Semiconductors.They weregrown on a SiC
substratewithout ELO techniquesby metalorganicchemical
vapor depositionand consistof a 560 nm thick AlGaN:Si
cladding, followed by a 120 nm GaN:Si lower waveguide
layer, three 2 nm In0.1Ga0.9N/GaN quantum wells with
GaN:Si barriers,an Al0.2Ga0.8N electron blocking layer, a
100nm thick GaN:Mgupperwaveguidelayer, anda 400nm
thick AlGaN:Mg uppercladding layer. Contactsare depos-
ited on a p-GaN cap layer on top of the ridge and on the
n-SiC backside.The cleavedfacetsarecoatedwith high re-
flectivity coating(R;98%/70%).2 Thedevicesareoperated
in junctionsideup configuration,which is possibledueto the
SiC substrate.Sincewe useshortpulsesin the microsecond
range,thebackcontactof thedevicedoesnot seea tempera-
ture increaseduringthepulse,asshownin Ref.3.After each
pulse,the laserhasenoughtime to cool down againdue to
the very low duty cycle. Thus, the kind of mounting the
deviceonto theheatsinkhasonly negligibleinfluenceon the
effectsdescribedin this letter.

For measurementsof thetime-resolvedopticalspectrum,
the light of the temperaturestabilizedlaser diode is colli-
mated and then focusedon the entranceslit of a grating
monochromator. At the output slit, the light of the actually
selectedwavelengthis collected by a fast photomultiplier
tube.Thus,for this particularwavelengththe intensitydistri-
bution versustime canbe observedon an oscilloscopecon-
nected to the photomultiplier tube. Scanningthe selected
wavelengthof the monochromatorover the range of the
emissionspectrumof thelaserdiodeyieldsthereforea three-
dimensionalgraphicswith time andwavelengthasthex and
y axis, respectively, andoptical intensityasthez axis ~color
encoded!. This plot, which is shownin Fig. 1 ~top!, allowsto
observethe evolutionof the laserspectrumduring a current
pulse.Thecorrespondingtime-resolvedfar field is measured
in thesamemanner. Theonly differenceto thepreviousmea-
surementis that the monochromatoris now replacedby a
stepmotorcontrolledarmwhich movesthepigtail of a mul-
timode fiber on a circular path aroundthe emitting facet of
the laserdiode.The light collectedby thefiber is againmea-
sured by the photomultiplier tube. An exampleof such a
far-field measurementis shownin Fig. 1 ~bottom!.

In orderto get someinsight into the mechanismof their
modal behavior, we analyzed laser diodes with different
ridgewidthsandat differentmeasurementconditions.A typi-
cal spectrumand far field of a 2.25 mm wide stripe laseris
shownin Fig. 1. In this case,currentpulsesof 9 ms lengthat
a very low duty cycle of 0.1%wereusedto excitethe laser.
Let us first concentrateon Fig. 1 ~left!. It is evidentthat the
laserturnson andimmediatelystartsto heatup, asindicated
by the large wavelengthshift. After approximately1 ms, the
wavelengthshift slowsdown, indicatingthat the laserdiode
hasreachedanalmostconstanttemperaturedistribution.Be-
yond this point, theeffect of theheatcapacityof themateri-
als round the active area becomesless important and the
temperatureincreaseis dominatedby the internal thermal
resistanceof the device.3 The far field also showsa small
changewithin the first microsecond,but thenstaysconstant
for the restof the pulse.For slightly highercurrents~Fig. 1
middle! andafterapproximately1 ms the laserentersa tran-
sition regime:A secondwavelengthstartsto appearand an
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FIG. 1. ~Color! A 2.25mm wide InGaN-laserdiodeat injectioncurrentsof 1.08I th ~left!, 1.16I th ~middle!, and1.20I th ~right!. Thespectrumbecomesbimodal
at highercurrentsandthe far field showsa pronouncedbeam-steeringeffect.
increasingly asymmetricfar-field distribution is observed.
After a certaintime ~2.66ms! which is characteristicfor this
particularinjectioncurrentdensity, the lasershowsanabrupt
changein both the spectraland the far-field behavior. Be-
yond this point, it lasessuddenlyin two lateralmodes.This
behavioris evenmorepronouncedwhenthe currentdensity
is further increased.As shownin Fig. 1 ~right!, the splitting
into two modesoccursalreadyafter 1.11 ms. In pulsedL-I
curves,this modeswitchingis clearly visible asa kink.

There exist two possible explanationsfor the mode
switching:one is the temperatureinducedchangeof the re-
fractiveindex.Sincethenumberof guidedmodesm depends
on the differencebetweenthe refractiveindex of the wave-
guidenf andthesurroundingmaterialns ,4 a temperaturerise
underneaththe ridge resultsin an increaseof the refractive
index, leading to a better guiding of higher order modes.
However, sincethehighesttemperatureis foundin thecenter
of theridge,theresultingrefractiveindexchangealoneis not
sufficient to explainthe tilting of the far field.

To exploreas to whetherthe experimentalobservations
canalsooriginatefrom intrinsic propertiesof the III-nitride
material system,the laser structure is modeledusing the
coupled Maxwell-semiconductor-Bloch equations. These
equationstreat the wave-optical~diffractive! aspectof the
intracavitylaserfield, andprovidea microscopicdescription
of InGaN quantum-well susceptibility.1 We numerically
solvetheseequationssimultaneouslywith a partial differen-
tial equation(x, z, and t) that accountsfor carrierdiffusion
effectson the total carrierdensityspatialdistribution.Figure
2 shows~from left to right! thechangesin thelaserfield with
increasinginjection current. The top two rows depict the
laterallaserfield intensityandphaseat theoutputfacet.Note
the abrupt transition from a plane phasefront to one with
appreciabletilt. A consequenceof thephase-fronttilt is beam
steeringasevidentfrom the lateraldisplacementof the far-
field intensitymaximum~seethird row, Fig. 2!.
The theoreticalresultsmay be tracedto the coexistence

of carrier-inducedrefractiveindex changeandlateralcarrier
diffusion. Basically, an increasein injection current gives
riseto a broaderpumpedregionat thequantumwell because
of increasedlateral carrier diffusion. The effects of this ac-
tive region broadeningis accentuatedby spatialhole burn-
ing, which in a semiconductorcausesan increasein the in-
dex guiding of the intracavity mode.The combinationof a
wider gain regionanda strongerindex confinementleadsto
the transitionfrom operationwith the fundamentalmodeto
one with a tilted single-lobemode. Our simulationsshow
that the onsetof tilted modeoperationdependson the fila-
mentation~self-focusing! strengthof thequantum-well~QW!
gainstructure.Comparedto typical near-infraredQW lasers,

FIG. 2. Near field intensity, nearfield phase,and far-field distribution of
InGaN laserdiodesat differentcurrents.In the far field, a tilt of about22°
is clearlyvisible for a currentof 1.27I th . For smallercurrents,no tilt canbe
observed.
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theantiguiding~self-focusing! factorR in 2 nm InGaNquan-
tum wells is a factor of 3 higher, primarily becauseof the
significantly heavierelectronand hole effective massesin
nitride semiconductors.1

We also find a direct correspondencebetweenbeam
steeringandthe effective pumpedwidth asindicatedin Fig.
3. Theeffectivepumpedwidth is the full width at half maxi-
mum of the computedcarrier distribution at the quantum
well, wherethe differencebetweenthis width andthe stripe
width is due to lateral carrierdiffusion during carrier trans-
port from the electrodesto the quantumwell. The curve
showsqualitativeagreementwith the experiment~compare
with inset!, and that beam steeringoccurs only when the
pumpedwidth exceedsa certaincritical value.For too small
a pumpedregion~1.5 mm for our laserstructure!, the wave-
guidelossof thetilt modeis too large;thereforesucha mode
cannotsurvive.Note also that beyonda certainwidth there
exists no stablesolution, which marks the onsetof multi-
modeoperation.The time-averagedtilt angle is unlikely to

FIG. 3. Simulatedfar-field tilt as a function of effectively pumpedwidth.
Beyonda pumpedwidth of about2.5 mm, a tilt canbe observed.The inset
showsmeasuredtilt valuesasa function of current.
further increasewith multimodeoperation.Correspondingly,
in the experiment,we observeda saturationof the far-field
tilt.

Furtherexperimentshaveshownthat if the stripewidth
is muchlarger thanthe critical value,the laserstartsalready
to oscillatein a higherorderlateralmodeandshowsmultiple
modetransitionsduringa pulse.In agreementwith literature
data,we foundthatfor singlemodeoperationtheridgewidth
hasto be smallerthan2 mm.5,6

In conclusion,we havepresentedtime-resolvedemission
spectraandfar-field distributionsalongwith theoreticalcom-
putationswhich showthat local self-heatingof InGaN-based
violet-bluediodelaserstogetherwith carrierdiffusioneffects
canresultin lateralmodeswitchingandbeamsteeringof the
far field on a microsecondtime scale.This unwantedbehav-
ior canbe avoidedif the ridge width is reducedto 1.5 mm.
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