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We report a comparisonbetweenmeasuredandcalculatedfar field datafor an optically pumped
In0.15Ga0.85N/In0.05Ga0.95N multiquantumwell laserstructurewith AlGaN claddinglayers.Optical
pumpingof thesemiconductordevicewasperformedwith a pulsed337nmN2 laser,whosebeam
was focusedto a narrow stripe. A thin upper cladding layer allowed efficient pumping of the
In0.15Ga0.85N/In0.05Ga0.95N laser structure. Despite high distributed cavity losses of at least
30 cm21, andalthoughgainoccurredin thesmall activeregiononly, theseventhordertransverse
modewas supportedin a waveguideformed by the entire 5-mm-thick epitaxial layer structure.
Excellent agreementis demonstratedbetweenmeasuredand calculatedfar field patternsof the
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lasingmode.
There is considerableinterest in applicationsof blue
semiconductorlasersfabricatedin the III –V nitrides. The
useof compactshortwavelengthlight sourceswill improve
theresolutionof scannersandprintersaswell asincreasethe
storagedensityof optical disks.High quality GaNfilms and
AlGaInN heterostructurescanbe grown epitaxially in orga-
nometallic vapor phaseepitaxy ~OMVPE! reactorsas was
describedearlier.1–4 Prior to the fabricationof injection la-
sersit is possibleto achievestimulatedlight emissionof the
grownmaterialby optical pumping.5–8

We report in this letter theoptical excitationof a higher
order lasingmodewhich propagatesin a multimodewave-
guide formedby the entire5-mm-thick epitaxial layer stack
with the sapphiresubstrateproviding the lower cladding
layer.Sinceobservationsof a thresholdin the outputversus
pump intensity characteristic,TE polarizationof the emis-
sion,andlinewidth narrowingabovethresholdarenecessary
but not sufficient conditionsto concludelasing,we include
herefor the first time, to the bestof our knowledge,a com-
prehensiveinvestigationof the transversefar field patternto
demonstratelasingunderphotopumpingconditions.Similar
measurementson GaAs/AlGaAsinjection lasershavebeen
madeearlier, but their main goal was to give a proof of
existenceof Hermite–Gaussianmodepatternsin semicon-
ductor light sources.9,10 A near field calculationusing the
effective indexmethodrevealsthat the seventhordermode
of this thick multimodewaveguidehasmaximumoverlap
with themultiple quantumwell ~MQW! structurein thecen-
ter of the activeregion.Furthercalculationsshowan excel-
lent agreementof the measuredand the calculatedfar field
patternfor this mode.

For these experiments, we used C-face sapphire
(Al2O3) wafersas the substratematerial.Growth was per-
formed in an OMVPE system.On the sapphire,we grew 4
mm of GaN, followed by a 500-nm-thickAl0.1Ga0.9N lower
claddinglayer, a 240-nm-thickGaN/InGaNwaveguide,and
a 50-nm-thickAl0.1Ga0.9N uppercladdinglayer.Becauseof
therelatively low carrierdiffusion lengthin nitride films, the
thin uppercladdinglayer was requiredfor optical pumping
of theMQWs.Theactiveregionconsistedof five 25-Å-wide
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In0.15Ga0.85N QWs separatedby 70-Å-thick In0.05Ga0.95N
barrier layers. This MQW stack was sandwichedbetween
two 100-nm-thickGaNwaveguidelayers.

Theprocessingof the2-mm-longlaserbarswasstraight-
forward and includedsawingof 2.2-mm-longand 10-mm-
wide pieces,subsequentpolishing of both facets,and high
reflection ~HR! coatingof one facet. For this purpose,we
usedfive pairs of l/4 thick SiO2/TiO2 layerswith a final
reflectanceof morethan90%.Sincetheoptical outputfrom
the HR-coatedfacet was only 5% comparedto that of the
uncoatedone,we usedthe latter for thesucceedingmeasure-
ments.

Optical pumpingwascarriedout usinga pulsed337nm
N2 laser (r pulse55 Hz, Ppeak5250 kW, Wpulse575 mJ!
whose light was focusedto a 100-mm-wide and approxi-
mately4-mm-longstripeusingboth a sphericalanda cylin-
drical lens. In order to attenuatethe pump intensity,we in-
sertedan increasingnumberof 1-mm-thickglassslidesinto
the pump beam;theseglassplatesactedas neutraldensity
filters for theultraviolet ~UV! emissionof thenitrogenlaser
~opticaldensity;0.05perslide!. Theoutputintensityof the
semiconductorlaserwas collectedby an optical multimode
fiber andfed into a gratingspectrometer~L51200lines/mm,
dfocus50.1m!. Thelatterallowedsimultaneousmeasurement
of the laserspectrumandthe output intensity.Although the
spectralresolutionof thespectrometerwasonly around1 nm
andthereforenot sufficientto seesingleFabry–Pérot modes
in the laserspectrum,we usedthis spectrometerfor determi-
nationof the linewidth of the blue laseremission.

The measurementof the far field wasaccomplishedby
placing a chargecoupleddevice ~CCD! camerawithout an
objective lens in front of the laser facet. The distancebe-
tweenthelaserandcamerawaschosento bewell outsidethe
Rayleigh range for our 5-mm-wide aperture (dRayleigh
52 mm!, but waschosenalso to give maximalpicturesize
of the far field intensitydistributionon the camera.

Figure1 showstheoutputintensityandthe linewidth as
a functionof thenitrogenlaserpumpintensity;the threshold
intensity is at 0.16 a.u. An investigationof the threshold
intensitiesand the differential quantumefficienciesof de-
vices with cleaved,polished, uncoated,and coatedfacets

showedno significantdifferencesbetweenthem, indicating



very high distributedcavity losses.Theselossesmay be as-
sociatedwith thehighdefectdensityof thefilms, or theeven
higherdefectdensity11 nearthe interfacebetweenthe4-mm-
thick GaN layer, in which part of the lasingmodeis local-
ized,andthe sapphiresubstrate.

According to Fig. 1, we measuredtypical subthreshold
linewidthsof 15 nm, whereasthe linewidth abovethreshold
wason theorderof 2 nm. Thepolarizationstateof theblue
laseremission~l-410nm! wasTE, exceedingthefractionof
TM-polarized light by a factor of 50. Below threshold,no
polarizationeffectwasseen.

The far field below thresholdexhibitedno interference
featuresandmeasuredapproximately50°325° ~first value:
' to epitaxiallayers!. Above threshold,the far field anglein
the directionparallel to the epitaxial layerscollapsedto be-
low 10°; in theotherdirection,wecouldseeseveralintensity
maximaandminima,asshownby thesolid line of Fig. 2. In
addition, two bright intensity spots occurredat anglesof
618° off the optical axis. Thesefeaturesindicate that our

FIG. 1. Laseroutputintensityandlinewidth vs pumpintensityfor a 2-mm-
long bar pumpedwith a pulsed337nm nitrogenlaser.

FIG. 2. Comparisonbetweenmeasured~solid! and calculated~dotted! far
field patternsof thetestdevicein thedirectionperpendicularto theepitaxial
layer plane.The insetshowsa CCD imageof themeasuredfar field distri-

bution.
devicesoscillate in a higher order transversemode of the
entire5-mm-thick epitaxiallayerstack,with air andsapphire
as the upper and lower cladding layers, respectively.This
mode,however,alsooverlapswell with thezeroordermode
of the 240-nm-thickGaN/InGaNwaveguide,with air and
AlGaN asthe claddinglayers.

Thecalculationspresentedbelowwereperformedwith a
dedicatedprogram12 and used refractive index values of
nsapphire51.766, nGaN52.51, nAlGaN52.48, and nInGaN
52.56, wherenInGaN representsan averagenumberfor the
MQW/barrier layer stack.13 The calculationof the confine-
mentfactorsbetweenthe lasingmodesandtheMQW struc-
ture resultedin small valuesof below 0.1% for modenum-
bers 0–5 and also for most of mode numbers8–15. For
modenumbers6 and7, we calculatedhighervaluesof 1.1%
and2.5%, respectively.This surprisingresultsis plotted in
Fig. 3. The reasonfor the high overlapvalue of especially
the seventhordermodeis a resultof thehigh index stepsat
theAlGaN/air andtheGaN/sapphireinterfaces.Theseindex
stepsdefine a 5-mm-thick multimodewaveguidein which
theshapeof theseventhordermodehappensto nearlycoin-
cide with the zero ordermodeof the asymmetric240-nm-
thick GaN/InGaNwaveguide.Thesameeffectalsoincreases
the confinementfactors of someeven higher order modes
~modenumbers10–12! to valuessubstantiallyabove0. As a
comparison,we also calculatedthe confinementfactor for
the zero ordermodeof a 240-nm-thickGaN/InGaNwave-
guidewith symmetricandsemi-infiniteAlGaN claddinglay-
ers. The value obtainedfor this case~3.8%! was slightly
higher than the one for the best overlappingmode of the
aboveasymmetricconfiguration.

The calculatednearfield distributionof the seventhor-
dermodementionedabove~seeFig. 4! is very similar to the
zero order modeof the GaN/InGaNwaveguide.However,
sincethetop andbottomAlGaN layersarethin, a significant
energyfraction from the zero ordermoderadiatesinto the
4-mm-thick GaN layer.Optical lossesin this layer aresuffi-
ciently low, however,that a well confinedoptical mode is

FIG. 3. Calculatedconfinementfactorsfor different lasingmodes.Thesev-
enth ordermodeof the multimodewaveguidehasmaximumoverlapwith
theMQW structure.
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establishedin the waveguidewith the sapphiresubstrateas



the lower cladding layer. Among the modesof this much
thicker multimodewaveguide,the seventhorder mode, as
calculated,providesthe greatestoverlapwith the quantum
wells.

The dotted line of Fig. 2 correspondsto the calculated
far field of this seventhordermode.The anglebetweenthe
two mostintenseemissionlobesin thedirectionperpendicu-
lar to the epitaxial layers is 36°. This angle, the relative
heightsof the different intensity peaks,their angulardistri-
bution, and also their modulation depth show excellent
agreementwith themeasuredfar field patternwhich is rep-
resentedby the solid line of Fig. 2.

In summary,wehaveshownlasingactionin anoptically
pumped In0.15Ga0.85N/In0.05Ga0.95N MQW laser structure.
This first comprehensivestudy of the far field of suchde-
vicesexhibitedtwo bright intensityspotsat anglesof 618°
indicating emission from a 5-mm-wide aperture that is
formed by all epitaxial layers on top of the sapphiresub-
strate.As couldbeshownby calculationsof theconfinement
factors,the propagatingmodein this multimodewaveguide
was the seventhordermode.The propagationof this mode

FIG. 4. Calculatednearfield distributionandcorrespondingrefractiveindi-
cesfor the test devicein the directionperpendicularto the epitaxial layer
plane.Thelayerstructurewith thecorrespondingrefractiveindicesis shown
in the inset ~not to scale!.
wasassociatedwith very high distributedlossesin the cav-
ity; this fact was confirmed by the observationthat the
thresholdintensitywasnearly independentof the facetmir-
ror quality. By assumingthat the mirror loss of uncoated
facetsis only a small fractionof the internaldistributedcav-
ity loss,we canplacea lower limit on the internallossof 30
cm21. For a symmetricwaveguide,we would expect less
opticalpenetrationinto thethick GaNlayer,andhencelower
loss.However,theseresultsindicatethat evena symmetric
waveguidewith the abovecompositionsandwith appropri-
ately thick cladding layers will be weakly confined and
thereforehavesignificantcavity loss.
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