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Structural and optical properties of epitaxially overgrown third-order
gratings for InGaN/GaN-based distributed feedback lasers

Linda T. Romano,a) Daniel Hofstetter, Matthew D. McCluskey, David P. Bour, and Michael Kneissl
XeroxPalo Alto ResearchCenter,3333CoyoteHill Road,Palo Alto, CA94304

Laser-diodeheterostructuresof InGaAlN containinga third-orderdiffraction gratingfor distributed
optical feedbackhavebeenexaminedwith transmissionelectronmicroscopy~TEM! andscanning
electronmicroscopy~SEM!. The grating was definedholographicallyand etchedby chemically
assistedion-beametchinginto theupperGaNconfinementlayerof thelaserstructure.After theetch
step, it was overgrownwith an Al0.08Ga0.92N uppercladding layer. Threadingdislocationswere
presentthat initiated at the sapphiresubstrate,but no new dislocationswere observedat the
grating/Al0.08Ga0.92N interface.A comparisonof TEM andSEM micrographsrevealsthat thereis a
compositionalgradientin the AlGaN uppercladdinglayer; however,calculationsshowthat it did
not reducethe optical couplingcoefficientof the grating.
Within thelastcoupleof years,researchon semiconduc-
tor laserswith emissionwavelengthsaround 400 nm has
receiveda greatdeal of attention.Recentmilestonesin the
developmentof nitride-basedlight emitters have been the
demonstrationof high-brightnessblue/greenlight emitting
diodesandboth pulsedandcontinuous-wavelaseroperation
at room temperature.1–5 Mainly for the purposeof overcom-
ing difficulties in high-qualitymirror fabrication,but alsoin
order to improve mode selectionand wavelengthstability,
distributed feedback~DFB! blue lasershave beendemon-
stratedrecently.6 Etchingandregrowthof thegrating,which
typically completesthe devicestructure,is a major obstacle
for the fabricationof DFB lasersin materialsystemsother
than the nitrides. The strong chemicalbondsbetweengal-
lium andnitrogenresultin a very stableandchemicallyinert
surface,comparedto GaAsmaterialsfor example,whereox-
idesarereadily formedon the surface.

In this letter, we presenta structural evaluationof a
third-orderdiffraction grating from InGaN/GaN-basedDFB
lasers.The grating was definedby holographyand etched
into theGaNupperconfinementlayerby chemicallyassisted
ion-beametching~CAIBE!. After etching,it wasovergrown
with an Al0.08Ga0.92N uppercladdinglayer anda GaN con-
tact layer.We comparescanningelectronmicroscopy~SEM!
and transmissionelectronmicroscopy~TEM! crosssections
of the grating beforeand after overgrowth.Basedon these
observations,we estimatehow an effectivealterationof the
grating profile due to a compositionalgradientmight affect
thegrating’scouplingcoefficientandthusthe thresholdgain
of the laser.

The fabricationof thesedevicesrelied on growing a 4
mm thick n-typeGaN:Silayeron C-facesapphire.On top of
this layer, we grew a 500 nm thick, n-type Al0.08Ga0.92N:Si
lower cladding layer, a 100 nm thick n-type GaN:Si lower
waveguidinglayer, an active region with five 3.5 nm thick
In0.1Ga0.9N quantumwells and 9.0 nm thick GaN barriers,
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and a 180 nm thick p-type GaN:Mg upper waveguiding
layer.More detailsaboutgrowth conditionsanddopinglev-
els canbe found in Ref. 5. The thicknessesof the layersin
the activeregionweredeterminedby TEM. The third-order
grating with a period of 240 nm was then definedby a ho-
lographic exposurewith a single-modeHeCd laser at an
emissionwavelengthof 325 nm. Next, we transferredthe
gratinginto the GaN upperwaveguidinglayer with CAIBE.
Thegratingdepthwasapproximately85 nm, which theoreti-
cally resultsin a couplingcoefficientof 50–100 cm21 for a
rectangulargrating.Figure1 showsanSEM crosssectionof
the gratingbeforeregrowth.The tooth shapeis a symmetric
trapezoidwith 70°sidewallangle,aslightly roundedtop,and
approximately2:3 line to spaceratio.Thebottomof thegrat-
ing looks flat with a slight slope in the areasclose to the
sidewall, the slopedbottom being an etching artifact. The
compositionof the lower AlGaN cladding layer was mea-
suredby x-ray diffraction ~XRD! with the AlGaN ~0006!
reflection.The position of the peakcorrespondedto an Al
mole fractionof 8.2%,by assuminga relaxedalloy, andhad
a full width at half maximum~FWHM! of 5.4 arcmin.The
width of the AlGaN peakwas found to be slightly broader
than the width of the GaN ~0006! peak ~4.9 min!, which
indicatesthat either strain or small compositionvariations
arepresentin the AlGaN layer.

Next, we proceededwith an epitaxial regrowthto com-
plete the devicestructure.The regrowthconsistedof a 250
nm thick p-typeAl0.08Ga0.92N:Mg uppercladdinglayeranda
100 nm thick p-type GaN:Mg contact layer. The rocking

FIG. 1. SEM crosssectionof a third-ordergrating fabricatedin GaN. The
periodis 240 nm andthe gratingdepthis 85 nm.
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curve for the full device structureafter overgrowthis pre-
sentedin Fig. 2. The width of the AlGaN peak~5.6 arcmin!
andthepositionof thepeakdo not changesignificantlyafter
the regrowth,which showsthat the two AlGaN layershave
nearly identical Al content.In addition,no changewas ob-
servedin the intensity or width of the zeroth-, first-, and
second-ordersuperlatticepeakscorrespondingto the InGaN/
GaN multiquantumwells, which indicates that they were
structurallysimilar after regrowth.From the position of the
InGaN zeroth-orderpeakand the period of the superlattice
peaks,we obtaineda value of 10% In for the InGaN alloy
compositionof the quantumwells. This valuewasobtained
by taking into accountthat the InGaNlayersarepseudomor-
phically strainedas discussedrecently.7 The period of the
superlatticepeaks~12.4 nm! in the XRD spectrumcorre-
spondsvery well to the total well and barrier thicknessas
determinedfrom TEM.

Cross-sectionalTEM imagesof the overgrowngrating,
takennear the ^112I 0& zone,are shown in Fig. 3. Disloca-
tions with componentsof their burgersvectorsparallel or
perpendicularto the interface are shown in Fig. 3~a! (g
50002) and 3~b! (g5101I 0), respectively.The imaging
conditionsin Fig. 3~a! also show the contrastin the layers
due to the differencein atomic number.In this image,the
AlGaN, GaN, andmultiquantumwell layerswere identified
by both thecontrastdifferenceandby x-ray chemicalanaly-
sis in the TEM. Therefore,the positionof the gratingcould
bedeterminedandcomparedin bothof the images.Note the
slightly higher magnification~two grating periods! usedin
Fig. 3~a! to revealcompositiondetailsin the region around
the grating.The lower magnificationimagein Fig. 3~b! rep-
resentsan areathat coversfour gratingperiods.In both im-
ages,only threadingdislocationsare observedthat initiated
at the GaN/substrateinterface. No additional dislocations
could be found at the interfacebetweenthe groovedGaN
waveguidelayerandtheupperAlGaN claddinglayer.This is
very different from overgrowthsmadewith InGaAsP/InP-
basedinfrared DFB lasers,for example,wherethe grooved
interfaceservesasstartingpoint for numerousdislocations.8

An additional fringe contrastis observedin the areaof the
grating @Fig. 3~a!# which will be discussedbelow.

Although the TEM and SEM specimenswere prepared

FIG. 2. X-ray diffraction curvemeasuredafter regrowthindicatingno deg-
radationof the QW multiple superlatticepeaks.
from adjacentareasof the device,the two microscopiesre-
vealeda different shapeof the grating teeth. In the TEM
picture in Fig. 3~a!, the grating does not appearflat bot-
tomed.By choosingdifferent imaging conditions,we were
ableto observethe as-etchedgratingprofile, asindicatedby
thearrows;but thecontrastwasvery low. On theotherhand,
there were several fringes with a relatively high contrast
aboveof the grating.As shownin the schematicdrawingof
Fig. 4, thesefringes most likely representa compositional
gradientin theovergrownAlGaN layer.This phenomenonis
similar to whathasbeenobservedin thegrowthof AlGaAs/
GaAs quantumwire lasers,9,10 where Ga-rich and Al-rich
superlatticesspontaneouslyform along the sidewallsof V-
groovesdue to the lower surfacemobility of Al atomsas
comparedto Ga atoms.Likewise, we canexpectthe forma-
tion of a Ga-richAlGaN alloy in theGaNgroovespresentin
our samples.However,as growth proceeds,the surfacebe-
comesplanar,leadingto lessseveresegregationeffects.

Sincea compositionalgradientcouldalsoaffectthegrat-
ing couplingcoefficient,k, we estimatedk from experimen-
tal dataandcomparedit with resultsfrom a numericalanaly-
sis. The following formula is the amplitude equality
conditionwhich canbesolvedfor thenet thresholdgain,g th

~Ref. 11!.

FIG. 3. TEM cross-sectionalimagesof the grating near the ^1120& zone
direction: ~a! g50002and ~b! g51010.

FIG. 4. Schematicpictureof the gratingafter regrowth.
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This formula describesthe relation betweennet threshold
gain, coupling coefficient,k, and cavity length, L. The pa-
rameterm is the orderof the modeandusuallycanbe setat
m50. The experimentalvaluefor k wasdeterminedspecifi-
cally by comparingthresholdcurrentdensitiesof DFB lasers
with differentcavity lengthsandassuminganabsorptionand
scatteringlossvaluewhich wasmeasuredindependentlyon a
set of Fabry–Perot laserswith different cavity lengthsand
mirror coatings.12,13 From this measurement,we found that
the total scatteringand absorptionloss is on the order of
40–50 cm21. This numberwas addedto the net threshold
gain in orderto obtainthresholdgainvalues.Furtherassum-
ing a linear relationshipbetweenoptical gain and current
densityallowedus to fit thresholdcurrentdensitiesof DFB
lasersasa functionof inversecavity lengthwith thecoupling
coefficientbeing a fit parameter.This procedureyielded k
54 – 8cm21.

The numericalanalysisis basedon Ref. 10 as well; it
takes into accountthe shapeof the grating teeth and the
overlapof the optical modewith the gratinglayer according
to the formula

k5
ive0al

4 E
2`

`

Dn2~x!@Ey~x!#2dx ~2!

which containsthe effective index differenceof the corru-
gatedinterface,Dn2(x). For flat-bottomedgratings,Dn2(x)
is definedvia

Dn2~x!5H nGaN
2 2nAlGaN

2 tooth area

0 elsewhere.
~3!

In Eq. ~2!, Ey(x) is the electricfield distribution in the ver-
tical direction,e0 representsthe dielectricconstant,v is the
frequencyof the propagatingwave, and al the l th Fourier
componentof the tooth shapefunction. This calculationre-
sultedin a valueof 5 cm21, which is well within the range
determinedexperimentally.Thus,thereis no strongreasonto
believethat the gratingstrengthis adverselyaffectedby the
compositionalgradientwe observedin the TEM study. By
changingthe sidewall angleof the individual grating teeth
andpreventingroundingof the profile, it shouldbe possible
to increasethe grating coupling coefficient k significantly
andachievea lower thresholdcurrentdensityfor DFB lasers
in this materialsystem.
In conclusion,we havepresentedSEM andTEM micro-
graphsalongwith x-ray dataof third-orderdiffraction grat-
ingsin InGaN/GaN-basedDFB lasers.We find that thetooth
shapeappeareddifferent in the TEM versusSEM pictures
becauseof a compositionalgradientat the GaN/AlGaN in-
terface,which causedmuch higher fringe contrastthan ob-
tainablefrom the actualGaN/AlGaNinterface.Sincesucha
compositionalnonuniformitymight affect DFB laserperfor-
mance,we alsocomparednumericallycalculatedandexperi-
mentally basedvaluesfor the grating coupling coefficient,
which indicatedthat the coupling coefficient is not signifi-
cantly reducedby this compositionalnonuniformity.
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