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We reporta comparisorbetweenmeasuredand calculatedfar field datafor an optically pumped
INg 1:G &y gg\N/INg oGy g multiquantumwell laserstructurewith AIGaN claddinglayers.Optical
pumpingof the semiconductodevicewas performedwith a pulsed337 nm N, laser,whosebeam
was focusedto a narrow stripe. A thin upper cladding layer allowed efficient pumping of the
INg.1£Gay gN/INg oGy g\ laser structure. Despite high distributed cavity losses of at least
30 cm?, andalthoughgain occurredin the small activeregiononly, the seventhordertransverse
mode was supportedin a waveguideformed by the entire 5-um-thick epitaxial layer structure.
Excellentagreemenis demonstrateetweenmeasuredand calculatedfar field patternsof the

lasingmode.

There is considerableinterestin applicationsof blue
semiconductodasersfabricatedin the Il -V nitrides. The
useof compactshortwavelengthlight sourceswill improve
theresolutionof scannerandprintersaswell asincreasahe
storagedensityof optical disks.High quality GaN films and
AlGalnN heterostructuresan be grown epitaxially in orga-
nometallic vapor phaseepitaxy (OMVPE) reactorsas was
describedearlier} = Prior to the fabrication of injection la-
sersit is possibleto achievestimulatedlight emissionof the
grown materialby optical pumping®~®

We reportin this letter the optical excitationof a higher
order lasing mode which propagatesn a multimodewave-
guide formed by the entire 5-um-thick epitaxial layer stack
with the sapphire substrateproviding the lower cladding
layer. Sinceobservation®f a thresholdin the outputversus
pump intensity characteristic,TE polarizationof the emis-
sion, andlinewidth narrowingabovethresholdare necessary
but not sufficient conditionsto concludelasing, we include
herefor the first time, to the bestof our knowledge,a com-
prehensivanvestigationof the transversdar field patternto
demonstratdasing underphotopumpingconditions.Similar
measurementsn GaAs/AlGaAsinjection lasershave been
made earlier, but their main goal was to give a proof of
existenceof Hermite-Gaussianmode patternsin semicon-
ductor light sources:'° A nearfield calculationusing the
effective index methodrevealsthat the seventhorder mode
of this thick multimode waveguidehas maximum overlap
with the multiple quantumwell (MQW) structurein the cen-
ter of the activeregion. Furthercalculationsshow an excel-
lent agreementf the measuredand the calculatedfar field
patternfor this mode.

For these experiments, we used C-face sapphire
(Al1,0,) wafersas the substratematerial. Growth was per-
formedin an OMVPE system.On the sapphire we grew 4
pm of GaN, followed by a 500-nm-thickAl, 1Ga N lower
claddinglayer, a 240-nm-thickGaN/InGaNwaveguide and
a 50-nm-thick Al ;Ga, N uppercladdinglayer. Becauseof
therelatively low carrierdiffusion lengthin nitride films, the
thin uppercladdinglayer was requiredfor optical pumping
of the MQWs. The activeregionconsistedf five 25-A-wide
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INg1:Gan gN QWSs separatedoy 70-A-thick Ing oGay 0N
barrier layers. This MQW stack was sandwichedbetween

two 100-nm-thickGaN waveguidelayers.

Theprocessingf the 2-mm-longlaserbarswasstraight-
forward and included sawing of 2.2-mm-longand 10-mm-
wide pieces,subsequenpolishing of both facets,and high
reflection (HR) coating of one facet. For this purpose,we
usedfive pairs of A4 thick SiO,/TiO, layerswith a final
reflectanceof morethan90%. Sincethe optical outputfrom
the HR-coatedfacet was only 5% comparedto that of the
uncoatedne,we usedthe latter for the succeedingneasure-
ments.

Optical pumpingwas carriedout usinga pulsed337 nm
N, laser (rpuse=5 Hz, Ppea=250 KW, Wy =75 wd)
whose light was focusedto a 100-um-wide and approxi-
mately 4-mm-longstripe using both a sphericalanda cylin-
drical lens.In orderto attenuatehe pump intensity, we in-
sertedan increasingnumberof 1-mm-thick glassslidesinto
the pump beam;theseglassplatesactedas neutral density
filters for the ultraviolet (UV) emissionof the nitrogenlaser
(optical density~0.05perslide). The outputintensityof the
semiconductofaserwas collectedby an optical multimode
fiber andfed into a gratingspectrometefA =1200lines/mm,
dtoeus=0.1 m). The latterallowedsimultaneousneasurement
of the laserspectrumand the outputintensity. Although the
spectrakesolutionof the spectrometewasonly aroundl nm
andthereforenot sufficientto seesingle Fabry-Perot modes
in the laserspectrumwe usedthis spectrometefor determi-
nation of the linewidth of the blue laseremission.

The measurementf the far field was accomplishedy
placing a chargecoupleddevice (CCD) camerawithout an
objectivelens in front of the laserfacet. The distancebe-
tweenthelaserandcameravaschoserto bewell outsidethe
Rayleigh range for our 5-um-wide aperture (dgayieign
=2 mm), but was chosenalsoto give maximal picture size
of the far field intensity distribution on the camera.

Figure 1 showsthe outputintensityandthe linewidth as
a function of the nitrogenlaserpumpintensity;the threshold
intensity is at 0.16 a.u. An investigationof the threshold
intensitiesand the differential quantumefficienciesof de-
vices with cleaved, polished, uncoated,and coated facets
showedno significant differencesbetweenthem, indicating
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FIG. 1. Laseroutputintensityandlinewidth vs pumpintensityfor a 2-mm-
long bar pumpedwith a pulsed337 nm nitrogenlaser.

very high distributedcavity losses.Theselossesmay be as-
sociatedwith the high defectdensityof thefilms, or theeven
higherdefectdensity'! nearthe interfacebetweernthe 4-um-
thick GaN layer, in which part of the lasing modeis local-
ized, andthe sapphiresubstrate.

Accordingto Fig. 1, we measuredypical subthreshold
linewidths of 15 nm, whereaghe linewidth abovethreshold
wason the orderof 2 nm. The polarizationstateof the blue
laseremission(A-410nm) wasTE, exceedinghe fraction of
TM-polarizedlight by a factor of 50. Below threshold,no
polarizationeffect was seen.

The far field below thresholdexhibited no interference
featuresand measuredapproximately50°x25° (first value:
L to epitaxiallayersg. Above threshold the far field anglein
the direction parallel to the epitaxial layerscollapsedto be-
low 10°;in the otherdirection,we could seeseveralntensity
maximaandminima, asshownby the solid line of Fig. 2. In
addition, two bright intensity spots occurredat angles of
+18° off the optical axis. Thesefeaturesindicate that our

14 T T T T T T T T T

12+ -

-
o
T
1

—— Measured
- - - Calculated

[/

08|

Output intensity [a.u.]

45 -30 15 0 15 30 45
Far field angle [degrees]

FIG. 2. Comparisonbetweenmeasuredsolid) and calculated(dotted far
field patternsof the testdevicein the directionperpendiculato the epitaxial
layer plane.The insetshowsa CCD imageof the measuredar field distri-
bution.
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FIG. 3. Calculatedconfinementactorsfor differentlasingmodes.The sev-
enth order mode of the multimode waveguidehas maximum overlapwith
the MQW structure.

devicesoscillate in a higher order transversemode of the
entire5-um-thick epitaxiallayer stack,with air andsapphire
as the upper and lower cladding layers, respectively.This
mode,however,alsooverlapswell with the zeroordermode
of the 240-nm-thick GaN/InGaN waveguide,with air and
AlGaN asthe claddinglayers.

The calculationgpresentedelowwere performedwith a
dedicatedprogrant? and used refractive index values of
Nsapphire=1-766, Ngan=2.51, Npgan=2.48, and Njpgan
=2.56, where n|,gan representsan averagenumberfor the
MQWo/barrier layer stack'® The calculationof the confine-
mentfactorsbetweenthe lasingmodesandthe MQW struc-
ture resultedin small valuesof below 0.1% for mode num-
bers 0-5 and also for most of mode numbers8-15. For
modenumberss and7, we calculatedhighervaluesof 1.1%
and 2.5%, respectively.This surprisingresultsis plottedin
Fig. 3. The reasonfor the high overlapvalue of especially
the seventhordermodeis a resultof the high index stepsat
the AlGaN/air andthe GaN/sapphirénterfaces.Theseindex
stepsdefine a 5-um-thick multimode waveguidein which
the shapeof the seventhordermodehappengo nearly coin-
cide with the zero order mode of the asymmetric240-nm-
thick GaN/InGaNwaveguide The sameeffectalsoincreases
the confinementfactors of some even higher order modes
(modenumbersl0-12) to valuessubstantiallyabove0. As a
comparison,we also calculatedthe confinementfactor for
the zero order mode of a 240-nm-thick GaN/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 distribution of the seventhor-
dermodementionedabove(seeFig. 4) is very similar to the
zero order mode of the GaN/InGaN waveguide.However,
sincethetop andbottomAlGaN layersarethin, a significant
energyfraction from the zero order mode radiatesinto the
4-um-thick GaN layer. Optical lossesin this layer are suffi-
ciently low, however,that a well confinedoptical modeis
establishedn the waveguidewith the sapphiresubstrateas
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FIG. 4. Calculatednearfield distributionand correspondingefractiveindi-
cesfor the testdevicein the direction perpendiculato the epitaxial layer
plane.Thelayerstructurewith the correspondingefractiveindicesis shown
in the inset(not to scalg.

the lower cladding layer. Among the modesof this much
thicker multimode waveguide,the seventhorder mode, as
calculated,providesthe greatestoverlap with the quantum
wells.

The dottedline of Fig. 2 correspondgo the calculated
far field of this seventhorder mode. The angle betweenthe
two mostintenseemissionlobesin the directionperpendicu-
lar to the epitaxial layersis 36°. This angle, the relative
heightsof the different intensity peaks,their angulardistri-
bution, and also their modulation depth show excellent
agreementvith the measuredar field patternwhich is rep-
resentedy the solid line of Fig. 2.

In summarywe haveshownlasingactionin anoptically
pumped Ing 15Ga gN/INg oGy gN MQW laser structure.
This first comprehensivestudy of the far field of suchde-
vices exhibitedtwo bright intensity spotsat anglesof +18°
indicating emission from a 5-um-wide aperture that is
formed by all epitaxial layerson top of the sapphiresub-
strate.As could be shownby calculationsof the confinement
factors,the propagatingmodein this multimodewaveguide
was the seventhorder mode. The propagationof this mode
was associatedvith very high distributedlossesin the cav-

ity; this fact was confirmed by the observationthat the
thresholdintensity was nearly independenbf the facet mir-

ror quality. By assumingthat the mirror loss of uncoated
facetsis only a small fraction of the internaldistributedcav-
ity loss,we canplacea lower limit on theinternallossof 30

cm L. For a symmetricwaveguide,we would expectless
optical penetratiorinto the thick GaN layer,andhencelower

loss. However,theseresultsindicate that evena symmetric
waveguidewith the abovecompositionsand with appropri-
ately thick cladding layers will be weakly confined and
thereforehavesignificantcavity loss.
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