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Time-resolvedmeasurementsf the spectrumandthe far field of InGaN-basedaserdiodesshow
lateral-modechangesand gradualtilting of the far field on a microsecondime scale.Numerical
simulationsbasedon a microscopictheory are in good agreementwith the measurementsThe
observedeffects are attributedto lateral carrier diffusion in combinationwith thermal lensing.

Forviolet-bluediodelasersthereexistseveraimportant
applications,such as optical storageand laser printing, re-
quiring lateral mode stability. While the designof single-
modelasersis an ongoingproblem,the underlyingphysical
mechanismdeadingto stablefundamental-laterainode op-
erationin conventionalkemiconductotasersis, in principle,
well understoodHowever this understandingnay not apply
to the wide-band-gapgroup-III nitride (I1I-N') material sys-
tem becauseof its drastically different physical properties-
That this is indeedthe caseis demonstratedn our recent
observationof lateral-modeinstabilities on a microsecond
time scalein a narrow (2.25 um wide) ridge-waveguide
InGaN laser

The investigated laser diodes were fabricated by
OSRAM Opto SemiconductorsThey were grown on a SiC
substratewithout ELO techniquesy metaloganicchemical
vapor depositionand consistof a 560 nm thick AlGaN:Si
cladding, followed by a 120 nm GaN:Si lower waveguide
layer, three 2 nm InyGa N/GaN quantum wells with
GaN:Si barriers,an Al ,GaygN electronblocking layer, a
100nmthick GaN:Mgupperwaveguiddayer, anda400nm
thick AlGaN:Mg upper cladding layer. Contactsare depos-
ited on a p-GaN cap layer on top of the ridge and on the
n-SiC backside The cleavedfacetsare coatedwith high re-
flectivity coating(R~ 98%/70%).2 The devicesareoperated
in junctionsideup configurationwhichis possibledueto the
SiC substrateSincewe useshortpulsesin the microsecond
range the backcontactof the devicedoesnot seea tempera-
tureincreaseduringthe pulse,asshownin Ref. 3. After each
pulse,the laserhasenoughtime to cool down againdueto
the very low duty cycle. Thus, the kind of mounting the
deviceontothe heatsinkhasonly negligibleinfluenceon the
effectsdescribedn this letter.

For measurementsf thetime-resolvedptical spectrum,
the light of the temperaturestabilizedlaser diode is colli-
mated and then focusedon the entranceslit of a grating
monochromatorAt the outputslit, the light of the actually

selectedwavelengthis collected by a fast photomultiplier
tube.Thus,for this particularwavelengththe intensity distri-
bution versustime canbe observedon an oscilloscopecon-
nectedto the photomultiplier tube. Scanningthe selected
wavelengthof the monochromatorover the range of the
emissionspectrunof thelaserdiodeyieldsthereforea three-
dimensionalgraphicswith time andwavelengthasthe x and
y axis, respectivelyandoptical intensityasthe z axis (color
encoded This plot, which is shownin Fig. 1 (top), allowsto
observethe evolution of the laserspectrumduring a current
pulse.The correspondingime-resolvedar field is measured
in thesamemannerTheonly differenceto the previousmea-
surementis that the monochromatoiis now replacedby a
stepmotor controlledarm which movesthe pigtail of a mul-
timode fiber on a circular path aroundthe emitting facet of
thelaserdiode.Thelight collectedby the fiber is againmea-
sured by the photomultiplier tube. An exampleof such a
far-field measuremenis shownin Fig. 1 (bottom).

In orderto getsomeinsightinto the mechanisnof their
modal behavior we analyzedlaser diodes with different
ridgewidthsandat differentmeasuremergonditions A typi-
cal spectrumandfar field of a 2.25 um wide stripe laseris
shownin Fig. 1. In this case currentpulsesof 9 us lengthat
avery low duty cycle of 0.1% wereusedto excitethe laser
Let usfirst concentrateon Fig. 1 (left). It is evidentthatthe
laserturnson andimmediatelystartsto heatup, asindicated
by the large wavelengthshift. After approximatelyl us, the
wavelengthshift slowsdown, indicatingthat the laserdiode
hasreachedan almostconstantemperaturalistribution. Be-
yond this point, the effect of the heatcapacityof the materi-
als round the active areabecomesless important and the
temperatureincreaseis dominatedby the internal thermal
resistanceof the device® The far field also showsa small
changewithin the first microsecondput then staysconstant
for the restof the pulse.For slightly higher currents(Fig. 1
middle) and after approximatelyl us thelaserentersa tran-
sition regime: A secondwavelengthstartsto appearand an
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FIG. 1. (Color) A 2.25 um wide InGaN-laseriodeat injection currentsof 1.08 , (left), 1.18 4 (middle), and1.20 , (right). The spectrumbecomeshimodal

at highercurrentsandthe far field showsa pronouncecbeam-steeringffect.

increasingly asymmetricfar-field distribution is observed.
After a certaintime (2.66 us) which is characteristidor this
particularinjection currentdensity the lasershowsan abrupt
changein both the spectraland the far-field behavior Be-
yond this point, it lasessuddenlyin two lateralmodes.This
behavioris evenmore pronouncedvhenthe currentdensity
is furtherincreasedAs shownin Fig. 1 (right), the splitting
into two modesoccursalreadyafter 1.11 us. In pulsedL-|
curves,this modeswitchingis clearly visible asa kink.

There exist two possible explanationsfor the mode
switching: oneis the temperaturénducedchangeof the re-
fractiveindex. Sincethe numberof guidedmodesm depends
on the differencebetweenthe refractiveindex of the wave-
guiden; andthe surroundingmaterialng,* atemperaturgise
underneattthe ridge resultsin an increaseof the refractive
index, leading to a better guiding of higher order modes.
However sincethe highesttemperaturés foundin the center
of theridge, theresultingrefractiveindex changealoneis not
sufficientto explainthe tilting of the far field.

To exploreasto whetherthe experimentalbbservations
canalsooriginatefrom intrinsic propertiesof the lll-nitride
material system, the laser structureis modeled using the
coupled Maxwell-semiconducteBloch equations. These
equationstreat the wave-optical (diffractive) aspectof the
intracavity laserfield, and provide a microscopicdescription
of InGaN quantum-well susceptibilitt We numerically
solvetheseequationssimultaneouslywith a partial differen-
tial equation(x, z, andt) thataccountgor carrierdiffusion
effectson the total carrierdensityspatialdistribution. Figure
2 shows(from left to right) the changesn thelaserfield with
increasinginjection current. The top two rows depict the
laterallaserfield intensityandphaseat the outputfacet.Note
the abrupttransitionfrom a plane phasefront to one with
appreciabldilt. A consequencef the phase-frontilt is beam
steeringas evidentfrom the lateral displacemenbf the far-

field intensity maximum(seethird row, Fig. 2).

The theoreticalresultsmay be tracedto the coexistence
of carrierinducedrefractiveindex changeandlateral carrier
diffusion. Basically an increasein injection current gives
riseto a broadempumpedregionat the quantunmwell because
of increasedateral carrier diffusion. The effects of this ac-
tive region broadeningis accentuatedby spatialhole burn-
ing, which in a semiconductocausesan increasen the in-
dex guiding of the intracavity mode. The combinationof a
wider gainregionanda strongerindex confinementeadsto
the transitionfrom operationwith the fundamentaimodeto
one with a tilted single-lobemode. Our simulationsshow
that the onsetof tilted mode operationdependson the fila-
mentation(self-focusing strengthof the quantum-wel(QW)
gainstructure.Comparedo typical nearinfraredQW lasers,
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FIG. 2. Nearfield intensity nearfield phase,and far-field distribution of
InGaN laserdiodesat differentcurrents.n the far field, a tilt of about—2°
is clearlyvisible for a currentof 1.27,. For smallercurrentsnotilt canbe
observed.
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FIG. 3. Simulatedfar-field tilt asa function of effectively pumpedwidth.
Beyonda pumpedwidth of about2.5 um, atilt canbe observedTheinset
showsmeasuredilt valuesasa function of current.

the antiguiding(self-focusing factorR in 2 nm InGaN quan-
tum wells is a factor of 3 higher primarily becauseof the
significantly heavierelectronand hole effective massesn
nitride semiconductors.

We also find a direct correspondencéetweenbeam
steeringandthe effective pumpedwidth asindicatedin Fig.
3. The effective pumpedwidth is the full width at half maxi-
mum of the computedcarrier distribution at the quantum
well, wherethe differencebetweenthis width andthe stripe
width is dueto lateral carrier diffusion during carrier trans-
port from the electrodesto the quantumwell. The curve
showsqualitative agreementith the experiment(compare
with inse?, and that beam steeringoccursonly when the
pumpedwidth exceedsa certaincritical value.For too small
a pumpedregion (1.5 um for our laserstructurg, the wave-
guidelossof thetilt modeis too large;thereforesucha mode
cannotsurvive. Note also that beyonda certainwidth there
exists no stable solution, which marks the onsetof multi-
mode operation.The time-averagedilt angleis unlikely to

furtherincreasewith multimodeoperation.Correspondingly
in the experimentwe observeda saturationof the far-field
tilt.

Furtherexperimentshaveshownthatif the stripewidth
is muchlargerthanthe critical value, the laserstartsalready
to oscillatein a higherorderlateralmodeandshowsmultiple
modetransitionsduring a pulse.In agreementvith literature
data,we foundthatfor singlemodeoperationtheridge width
hasto be smallerthan2 um.>®

In conclusionwe havepresentedime-resolvedemission
spectraandfar-field distributionsalongwith theoreticalcom-
putationswhich showthatlocal self-heatingof InGaN-based
violet-bluediodelaserstogethemwith carrierdiffusion effects
canresultin lateralmodeswitchingandbeamsteeringof the
far field on a microsecondime scale.This unwantedbehav-
ior canbe avoidedif the ridge width is reducedto 1.5 um.
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