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Realization of a complex-coupled InGaNÕGaN-based optically pumped
multiple-quantum-well distributed-feedback laser

Daniel Hofstetter,a) Linda T. Romano,b) Thomas L. Paoli, David P. Bour, and Michael Kneissl
XeroxPalo Alto ResearchCenter,3333CoyoteHill Road,Palo Alto, California 94304

We demonstratean optically pumpedcomplex-coupledInGaN/GaN-basedmultiple-quantum-well
distributed-feedbacklaser in the violet/blue spectral region. The third-order grating providing
feedbackwas definedholographicallyand dry etchedthrough a portion of the active region by
chemicallyassistedion-beametching.Epitaxial overgrowthof the GaN waveguidecompletedthe
devicestructurewithout introducingdislocations,as shownby transmissionelectronmicroscopy.
The laseremittedlight at 392.7nm with high side-modesuppressionanda narrowlinewidth of 1.5
Å. In contrastto Fabry–Pérot lasersfabricatedfrom the samepieceof material,only a very minor
changein emissionwavelengthwasobservedwhenoperatingthedeviceat higherpumpintensities.
Short-wavelengthsemiconductorlasersare very attrac-
tive light sourcesfor both datastorageand scanningappli-
cations. During the last few years, both pulsed and
continuous-waveoperationof InGaN/GaN-basedblue lasers
have been demonstratedat room temperature.1,2 Most re-
searchgroups have typically used sapphiresubstratesfor
GaN growth. However,the misorientationbetweenthe sap-
phire and the GaN cleavageplanesdoesnot readily permit
cleaving of the facets. Dry-etched mirrors with high-
reflectivecoatingsappearto work satisfactorilyin this mate-
rial system,3 but thereis still a certainneedto improve the
cavity propertiesof nitride lasers,especiallyas far asmode
selection is concerned.The use of distributed feedback
~DFB! hasalreadybeenexploredsomewhatfor the purpose
of improvedmodeand wavelengthstability. Consequently,
optically pumped4,5 and electrically injectedDFB lasers6 in
theInGaN/GaNmaterialsystemhavebeenreportedrecently.
Thesedeviceswere basedon index coupling betweenthe
forward and backwardpropagatingmodes,which usually
leadsto additional loss throughscatteringat the corrugated
interface betweenthe waveguideand the cladding layer.
Also, indexcouplingtendsto beweakfor higher-ordergrat-
ings with nonidealtooth shape.Hence,we describein this
letter the fabricationof a nitride-basedmulti-quantum-well
~MQW! DFB laserwith a complex-coupled~i.e., index-plus
gain-coupled! third-order grating, which enablesincreased
couplingstrengthandpotentially lower thresholdintensity.

Fabricationof this devicebeganwith growthof a 4-mm-
thick GaN:Si layer on c-facesapphire.On top of this layer,
we grew a 500-nm-thick Al0.08Ga0.92N:Si lower cladding
layer, a 100-nm-thickGaN lower waveguidinglayer, and a
40-nm-thick active region with five In0.1Ga0.9N quantum
wells ~QWs! and GaN barriers. A 10-nm-thick
Al0.2Ga0.8N:Mg overlayerand a 20-nm-thickportion of the
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GaN upper waveguidinglayer completedthis first growth
step.The third-ordergrating with a period of 240 nm was
then defined by holographicexposureby using two-beam
interferencewith a 325nm UV HeCdlaser.Transferinto the
semiconductorwasachievedby dry etchingin a chemically
assistedion-beametching~CAIBE! system.7 We thenover-
grew the etched surface with a ~second! 10-nm-thick
Al0.2Ga0.8N:Mg overlayer and a nominally 150-nm-thick
GaN:Mg upperwaveguidelayer.This configurationallowed
optical pumpingthroughthe surface.After optical pumping
studies, we overgrew both structures with a 300 nm
Al0.08Ga0.92N:Mg upper clad layer and a GaN:Mg contact
layer.

Using the holographicprocessdescribedaboveusually
resulted in an oval-shapedgrating area, which measured
6310 mm2 in size.Precisecontrol of photoresistthickness
and etch rate was requiredin order to accuratelydefine a
gratingthatextendedinto theactiveregion.Small variations
in photoresistthicknessdefiningthe etchmaskandetchrate
couldeasilyresultin aninsufficientcorrugationamplitudeor
overetchingof the grating.Sincethe photoresistthicknessis
difficult to control,we usuallyobserved,evenwithin a small
area,a graduallychangingetch-depthandline-to-spaceratio.

In the following, two different samples~A andB! were
investigated.In sampleA, a thick photoresistmaskwasused
to etcha gratingwith a depthof 65 nm. As a resultof this,
we obtainedan active region with, typically, 2–3 etched
QWs.On theotherhand,sampleB hada thinnerphotoresist
layer, which resultedin a shallower ~40-nm-deep! grating
thatwasslightly overetched.Thecorrugationamplitudewith
an overetcheddepth of 40 nm was sufficient to punch
throughmostof theactiveregionandform wire-like sections
of active material. However, the overetchingremovedthe
Al0.2Ga0.8N:Mg overlayerand the top QW in this sample.
Figures1~a! and1~b! showschematiccrosssectionsthrough
both devicesafter completionof the first regrowth.

For an assessmentof the material’s quality after ion-
beametchinginto the activeregion,we carriedout photolu-
minescencemeasurements~PL! of sample A. A 325 nm
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HeCd laserwas usedas the excitation light sourceand the
measurementswerecarriedout at roomtemperature.ThePL
spectrafrom theas-grownsample,a regionof materialfrom
theedgeof theDFB grating,andtheregionof materialfrom
the ~most heavily etched! centerof the grating region are
shownin Fig. 2. Theyclearlyreveala decreasingintensityof
the blue band-edgeemissionat 400 nm and an increasing
amountof yellow, defect-relatedluminescencecenteredat
500 nm. The decreasingblue emissionis mainly due to the
reducedamountof activematerialanddefectstatesinduced
by the CAIBE. The yellow luminescencestaysconstantfor
bothareasexposedto theetchingprocessanddoesnot seem
to dependstronglyon the amountof etchedactivematerial,
suggestingit arisesat or nearthe etchedinterface.

Cross-sectiontransmissionelectronmicroscopy~TEM!
sampleswerepreparedin theusualmannerby polishingand
ion-beamthinning to electrontransparencywith anAr beam
at low voltage~;3 kV! andwith the samplemountedon a

FIG. 1. ~a! SchematiccrosssectionthroughsampleA after regrowth.~b!
Schematiccrosssectionthrough sampleB after regrowth.Layers labeled
‘‘AlGaN:Si/Mg’’ are lower/uppercladdinglayers,thoselabeled‘‘GaN:Si/
Mg’’ are lower/upperwaveguidelayers.

FIG. 2. Room-temperaturephotoluminescencespectraat threedifferent lo-
cationson the samplegoing from an unetchedcornertowardsthe centerof
the gratingregion.
liquid-nitrogencold stagein order to minimize ion damage.
The sampleswere orientedfor TEM observationto be par-
allel to thegratingnormalwhich waseitheralongthe$101I0%
or $112I0% crystallographicdirectionof theGaN.Figure3~a!
showsa TEM cross-sectionalimageof the active region of
sampleA that showedlasing. The image is takennear the
$101I0% zone axis with diffraction vector g50002 to high-
light the atomic numbercontrastfrom the different layers.
Threadingdislocationsthat initiated near the sapphiresub-
strateare observedto extendthrough the grating and con-
tinueto thefilm surface.However,in combinationwith other
imagestaken with g parallel to the interface,no structural
defectswerefoundat thegratinginterface.This is similar to
our earlier observationsof index-coupledDFB lasers,al-
thoughthe grating in that caseconsistedof an AlGaN layer
over a GaN grating,8 insteadof an AlGaN layer over an
InGaN grating as shown here.We note, however,that the
consequencesof a threadingdislocationmay be moredetri-
mental in the current structure,becausewe are effectively
reducingthe amountof active material requiredfor lasing.
Sincethe TEM imageshowsthat 2–3 out of 5 QWs were
etched,this sampleillustratesa complex-coupledDFB laser.
Figure 3~b! is a cross-sectionalTEM image of sampleB
showing that 3–4 QWs were etchedto form the grating.
Similar to sampleA, no additional dislocationsare intro-
ducedat thegratinginterfaceafter regrowth.From theTEM
imageof sampleB, we observethat approximately30% of
theactivematerialremainsafteretching.This sampleis also
a complex-coupledDFB device,but with a largercomponent
dueto gaincoupling.For bothsamples,we estimatedsimilar
amountsof complexcoupling ~k55–10 cm21 each! with a
slightly smallernumberfor the gain-couplingcoefficient in
sampleA comparedto sampleB.

Opticalpumpingwascarriedout asdescribedearlierus-
ing a pulsed337nm N2 laser~r pulse510 Hz, Ppeak5250kW!
whosestripe-shapedbeamwasattenuatedby an appropriate
numberof glassslides.The outputof the InGaN/GaNlaser
was fed into eithera high-resolutionspectrometer~for line-
width measurements! or a low-resolutiongrating spectrom-
eter ~for output intensity versuscurrentcurves!. The pieces
on which we performedtheseexperimentswere approxi-
mately 10310 mm2 in size,and all four facetswere fabri-
catedby scribing from the back and subsequentcleaving.
Although this methodresultedin a poor Fabry–Pérot ~FP!

FIG. 3. ~a! Cross-sectionalTEM picture of the active region of sampleA
after regrowth. ~b! Cross-sectionalTEM picture of the active region of
sampleB after regrowth.
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cavity and,in addition,theN2 laserbeamwaspumpingonly
30%–40%of thecavity length,FP-typelaseremissioncould
be observedaswell asDFB laseremission.The orientation
of the grating lines relative to the pump beamdetermined
which emissionwasdominant.

Typical emissionspectraof DFB-type lasingareshown
in Fig. 4~a!. The emissionpeak stays at 392.7 nm from
thresholdup to 0.9 a.u. pump intensity. It shifts somewhat
towardsshorterwavelengthsat higherpumpintensities.The
reasonfor this wavelengthshift is a slight reductionof the
effective refractive index at high carrier density that over-
whelmsthe relatively small index increasedueto the device
heating.Thelinewidth changefrom 1.5Å right abovethresh-
old to 3.0 Å at 0.8 a.u. is likely due to lateral multimode
operationandchirpingat high pumpintensities.In Fig. 4~b!,
we showa seriesof low-resolutionemissionspectrafor the
FPemissionof sampleA. TheFPemissionpeaksat 397nm
with a typical linewidth of around25 Å. In contrastto the
DFB laser spectra,we see for the FP laser a pronounced
redshiftof the lasingpeakasthepumpinglevel is increased.
While the DFB lasing wavelengthis locked to the Bragg
resonancewavelength,the emissionof the FP follows the
gain maximum, which, due to heating-inducedband-gap
shrinkage,shifts rapidly towardslongerwavelengths.

For sampleB, lasing thresholdcould not be reached.
This is attributedto the small amountof activematerialleft
after etching,possibleCAIBE damage,and finally, a rela-
tively large mismatchbetweenthe Bragg resonancewave-

FIG. 4. High-resolution emission spectrum of an optically pumped
complex-coupledDFB laserat variouspumpintensities.~b! Low-resolution
emissionspectrumof an optically pumpedFP laserat variouspumpinten-
sities.
lengthandthe gain peak.Very intenseoptical pumpingwas
necessaryto reachthresholdgain in sampleA, especiallyin
the areaswhere the largestfraction of active material was
removed.This intenseoptical pumpingcausedbandfilling,
which shifted the gain peak towards even shorter wave-
lengths~388nm! andfurtherawayfrom theBraggresonance
wavelength~392.7nm!. From intensitymeasurementstaken
below threshold,we estimatedthe gain of sampleA peaked
at 397 nm with a full width at half maximum of 11 nm,
indicating that both FP and DFB lasing wavelengthswere
within the gain peakof the material.Measurementsof the
pumpversusoutputintensitycharacteristicswerecarriedout
at room temperature.They showed comparableintensity
thresholdsof around0.35a.u. for the DFB and0.25a.u. for
the FP laser, which correspondsroughly to 3.5 and 2.5
MW/cm2, respectively.For sample A, we quantitatively
characterizedthe far-field patternsof both the FP and the
DFB emission.Due to the absenceof an AlGaN upperclad-
ding layer, the result of thesemeasurementswas similar to
our previousreports5 on optically pumpedInGaN/GaNla-
sers.In theverticaldirection,the far field revealedtwo main
emissionlobesat anglesof around634.5° to the horizontal
anda numberof weakerintensitymaximain between.

In conclusion,we havedemonstrateda short-wavelength
optically pumped complex-coupled InGaN/GaN-based
MQW DFB laser.Thethresholdintensitywason theorderof
3.5 MW/cm2 and somewhathigher than in FP-typelasers.
Theemissionof theDFB laserwasat a wavelengthof 392.7
nm andwasasnarrowas1.5 Å comparedto 397nm and25
Å for the FP emission.The primary emissionpeakdid not
markedlychangeits wavelengthsover a rangeof pump in-
tensities,which indicatesstrongcouplingto thegratingreso-
nancepeak.
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