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Demonstration of an InGaN/GaN-based optically pumped multiquantum well
distributed feedback laser using holographically defined third-order gratings

Daniel Hofstetter,® Robert L. Thornton, Michael Kneissl, David P. Bour, and Clarence Dunnrowicz
XeroxPalo Alto ResearchCenter,3333 CoyoteHill Road,Palo Alto, California 94304

We demonstratean optically pumpedinGaN/GaN-basednultiquantumwell distributedfeedback
laser in the blue spectral region. The third-order grating providing feedback was defined
holographicallyanddry etchedinto the upperwaveguidinglayer by chemicallyassistedon-beam
etching.Whenaligning the stripe-shapegumpbeameitherparallelor perpendiculato the grating
grooves,we found a considerablylower pumping threshold,higher slope efficiency, a slightly

longeremissionwavelengthanda muchnarrowerlinewidth for the geometrywith the pumpbeam
orthogonato thegratinglines.A nearlyconstanemissiorwavelengtirof 400.85nm andalinewidth

of 0.7 A were observedundervariouspumpintensities.To the bestof our knowledge this is the

narrowestinewidth everreportedfor an optically pumpeddevicein this materialsystem.

The fabrication of an electrically pumpedlaserin the
blue spectrafregionhasattracteda lot of attentionin the past
coupleof years.Both pulsedand continuous-waveperation
of InGaN/GaN-basedlevices have been demonstratedat
room temperaturé:?> One of the main concernsin nitride
lasersis the fabricationof high-quality mirrors. Up to now,
most research groups use sapphire substratesfor GaN
growth; however,the misorientationbetweenthe sapphire
andthe GaN cleavageplanesdoesnot readily permit cleav-
ing of the facets.Polishingof the lasermirrors alsodoesnot
entirely satisfybecausat is a very time-consumingprocess.
Although dry-etchedmirrors with high reflective coatings
seemto work well in this material system,thereis still a
certain demandto improve the cavity propertiesof nitride
lasersasfar asmirror lossandespeciallynodeselectionare
concernedOne of the possiblesolutionsof this problemis
the implementationof distributed feedback(DFB), which
eliminatesthe needfor excellentcavity mirrors. A relatively
straightforward way to explorethis ideais the fabricationof
an optically pumpeddevice. According to this, Hofmann
etal.? reportedan optically pumpedDFB laserin the InGaN/
GaN material system.However, their device was a simple
double heterostructureemployeda second-ordediffraction
grating for surfaceemission,and the grating was generated
using e-beamdirect writing. In this letter, we demonstrate
the fabricationof a nitride-basednultiquantumwell (MQW)
DFB laserwith a holographicallydefinedthird-ordergrating,
which results in edge emission. When comparedto the
Fabry-Perot-typeemissionobservedrom the samematerial,
a reducedthreshold pump intensity, a higher slope effi-
ciency,anda much narrowerlinewidth were seen.

The fabrication of thesedevicesrelied on growing a 4
um thick GaNlayeron C-facesapphire Ontop of this layer,
we grew a 500 nm thick Al odGa o N lower claddinglayer,
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a 100 nm thick GaNlower waveguidinglayer,a 40 nm thick
active region with five Ing 1:Ga g\ quantumwells (QW9
andGaN barriers,anda 180 nm thick GaN upperwaveguid-
ing layer. The third-ordergrating with a period of 240 nm
wasthendefinedby a holographicexposurausingtwo-beam
interferencewith a 325 nm UV HeCd laser (LICONIX
model3210N, 10 mW). The transferinto the semiconductor
was achievedby dry etchingin a chemically assistedion-
beametching (CAIBE) system®® The grating depthwas 45
nm; for anasymmetridrapezoid-shapegratingat a GaN/air
interface,this resultsin a calculatedcoupling coefficientof
250 cm 1. Becauseof the grating having also a certain
amountof surfaceroughnessnda nonidealtooth shapewe
estimatedthe coupling coefficientto be somewhatreduced,
on the order of 200 cm 1. An atomic force microscope
(AFM) surfacescanof the gratingis shownin Fig. 1(a). A
root-mean-squarettms) surfaceroughnesof around5 nm
wasobservedn the bottomof the etchedareasthis is com-
parableto the rms roughnes®f CAIBE etchedflat surfaces.
Optical pumpingwas carriedout usinga pulsed337 nm
N, laser (rpuse=10HZ, Ppeq=250kW,  Woyse= 75 1)
whoselight was focusedto a 100 um wide and approxi-
mately 4 mm long stripe; this defineda gain-guidedlasing
region on the sample.In order to be able to measurethe
InGaN/GaN laser output intensity at different pump levels,
we attenuatedhe pumpbeamby insertinga variablenumber
of 1 mm thick glass slides betweenthe lensesand the
sample The outputof the InGaN/GaNlaserwascollectedby
a X microscopeobjective,focusedonto a quartzfiber and
fedinto eitherahigh- or low-resolutiongratingspectrometer.
The high-resolution spectrometer (SPEX, A=1800
lines/mm, diyeue=1.26M, AN resoutio=0.3A) allowed the
measurememf the laserspectrumandthe determinatiorof
thelinewidth. The outputintensityasa function of the pump
intensity was measuredoy an ORIEL low-resolutionspec-
trometerwith 0.1 m focal distance,1 nm resolution,and a
grating with 1200 lines/mm. Both spectrometer$iad array
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FIG. 1. (a) AFM surfacescanshowingthe CAIBE etchedthird-ordergrat-
ing in the upperwaveguidinglayer. (b) Schematicdrawing of the sample
with different orientationsof the stripe-shapegumpbeam.

photodetectorsvith 1024 elementsat their output slits; in-
tensity versuswavelengthdata could thus be acquiredby
collectinglight for up to 30 s in orderto geta good signal-
to-noiseratio.

The piece on which we performedthese experiments
was approximatelyl0x 10 mn¥ in size,and all four facets
were fabricatedby scribing from the back and subsequent
cleaving. Although this methodresultedin a poor Fabry-
Perot (FP) cavity, and in addition, the N, laser beamwas
pumping30%-40% of the cavity lengthonly, FP-typelaser
emissioncould be observedaswell as DFB laseremission.
The orientation of the grating lines relative to the pump
beamdeterminedwhich emissionwould becomethe domi-
nantone.A schematiadrawing of the samplewith the grat-
ing andthe pumpbeamin both orientationss shownin Fig.
1(b).

Typical emissionspectraof both FP-and DFB-typelas-
ing areshownin Fig. 2. It is evidentthat the emissionof the
FP laserpeaksat 398 nm with a typical linewidth of around
25 A, whereaghe DFB laserexhibits a peakwavelengthof
400.85nm anda muchnarrowerlinewidth of 0.7 A. As will
bediscussedelow, we observedar-field patterngypical for
optically pumpedlasingfor both the FP and DFB emission.
Therewasalsoa characteristi¢chresholdbehaviorin the out-
put versuspumpintensity curvein both casesThis givesus
confidencdahatthefeatureat 398nmis, in fact, alasingpeak
and not only amplified stimulatedemission.While the line-
width of the FP laser agreeswell with values from the
literature®~® the DFB value is the smallestlinewidth ever
reportedfor an optically pumpedinGaN/GaNlaserto the
bestof our knowledge.Sincethe resolutionof the spectrom-
eteris 0.3 A, we are not entirely convincedthat the device
oscillatesin a singlelongitudinalandlateralmode.However,
it could alsobe possiblethat other mechanismdike thermal
chirpingduringthe individual pumpingpulse,unequalinten-
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FIG. 2. Emissionspectrumof an optically pumpedDFB laserat 2X 1,.
The broaderpeakat 398 nm belongsto the FP-typeemission.Pleasenote
thatthe FP spectrumhasbeencut at 400 nm for bettervisibility of the DFB
peak.

sity amongthe pulses,or eventhe absencef a well-defined
cavity areresponsibldor the broadening.

The emissionwavelengthandthe grating order allowed
us to calculatethe effective refractive index of the lasing
mode;the valueobtainedwhenperformingthis calculationis
2.505. The small emission peak at the long-wavelength
shoulderof the main peakis suppressetly almost20 dB; its
wavelengthis 401.03nm. The gap betweenthis small peak
andthe main emissioncould accountfor the stopbandof the
Bragg reflector, correspondingo a coupling coefficient of
around180 cm™ %, which is in good agreementvith the cal-
culatedvalue of 200 cm™*. From light-emitting diodesfab-
ricatedfrom the samematerial, we estimatedhegainto peak
at 398 nm with a full width at half maximum of 12 nm;
indicatingthatboth FP andDFB lasingwavelengthsarewell
within the gain peakof the material.

A comparisorof the peakintensitiesbetweerthe FPand
the DFB emissionshowsa factor of 20 higherpeakintensity
atonly half the pumpintensityfor the DFB laser.Thisis due
to the long unpumpedandtherefore Jossy sectionof the FP
laser. Measurementf the pump versus output intensity
characteristicswere carried out at room temperature.As
shown in Fig. 3, we observedan intensity threshold of
around0.1 a.u. for the DFB and 0.2 for the FP laser.From
thetransmissiorof our glassslidesandthe BK7 glasslenses,
we estimatedthat the thresholdintensity for the DFB laser
(0.1 a.u) correspondso roughly 1 MW/cm?. The slopeef-
ficiency of the DFB laserwasapproximately40 timeslarger
thanthe slopeof the FP laser.Presumablythe fabricationof
a short, full-length pumpedcavity would give a fairer com-
parisonbetweerthe slopeefficienciesof the two lasertypes.
Although linewidth and emissionwavelengthare likely to
have sufferedsomewhatrom the absenceof a high-quality
FP laser cavity, we do not believe that effects like band
filling or heatinghada significantyet measurablémpacton
them. Optical pumpingexperimentson shortbarsfabricated
from similar material showedcomparablewavelengthand
linewidth datato the FP emissiondescribechere?

In order to illustrate the presenceof two distinctive
emission wavelengths correspondingto the two lasing
mechanismswe pumpedthe materialin a way suchthatthe
pump beamwas at an angleof 70° to the gratinglines (see



n n
= <
LI
L L

n
o
T

—e—orthogonal to grooves
—— parallel to grooves

Output Intensity [a.u.]
© N >

~
T

0.0 0.1 0.2 0.3 0.4 0.5

0 1

Pump intensity [a.u.]

FIG. 3. Pumpversusoutputintensity curvesof optically pumpedDFB and
FP lasersfabricatedon the samepiece of material. The slope of the DFB
laseris 40 times steepetthanthe slopeof the FP laser.

Fig. 2, flaggedas “FP & DFB emission”. This geometry
allowed the deviceto oscillate in both FP- and DFB-type
lasing mode simultaneously.The spectrawere measured
with the low-resolutionspectrometeand are shownin Fig.
4. Here, it becomesobviousthat the spontaneougmission
peak of the material, which was measuredat the lowest
pump level, is much broaderthan the two lasing peaks,
namely,on the orderof 15 nm. At higher pump intensities,
the FP emissionstartsfirst, and finally, the DFB emission
overwhelmsthe FP peak.Whengoing to a largeranglethan
25°, the narrow DFB peak becomesweakeruntil it finally
disappearsThis fact in consistentwith the observationthat
the backwardDFB emissionwas pointing into a direction
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FIG. 4. Low-resolutionspectraof the devicewhentilting the pumpbeamto
about70° to the gratinggrooves.For higherpumpintensities,DFB and FP
peaksarevisible at the sametime. The insetshowsthe relevantpart of the
spectrumat an expandedk-axis scale.

exactly perpendicularto the grating grooves,independent
from the orientationof the pumpbeam.

As mentionedabove,we quantitativelycharacterizedhe
far-field patternsof both the FP andthe DFB emission.Due
to the absenceof an AlGaN uppercladdinglayer, the result
of these measurementsvas similar to what we reported
earlie? on optically pumpedinGaN/GaNlasers.In the ver-
tical direction,thefar field revealedwo mainemissionlobes
atanglesof around+34.5°to the horizontalanda numberof
weakerintensitymaximain betweenln the backwarddirec-
tion, we observeda strong emissionlobe at 34.5° to the
horizontaldirectionaswell.

In conclusion, we have demonstratedan optically
pumpedinGaN/GaN-base®QW DFB laser.The threshold
intensity was somewhatreducedwhen comparedo FP-type
lasers,andwas on the orderof 1 MW/cm? The emissionof
the DFB laserwasat a wavelengthof 400.85nm andwasas
narrowas 0.7 A comparedo 398 nm and 25 A for the FP
emission.The linewidth of the DFB emissionis the smallest
ever reportedfor an optically pumpedlaserin this wave-
lengthrange.The primary emissionpeakdid not changeits
position on the wavelengthscaleover a rangeof pumpin-
tensitieswhich indicatesstrongcouplingto the gratingreso-
nancepeak.
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