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Structural and optical properties of epitaxially overgrown third-order
gratings for InGaN/GaN-based distributed feedback lasers
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Laser-diodeneterostructuresf InGaAIN containinga third-orderdiffraction gratingfor distributed
optical feedbackhavebeenexaminedwith transmissiorelectronmicroscopy(TEM) and scanning
electronmicroscopy(SEM). The grating was defined holographicallyand etchedby chemically
assistedon-beametchinginto the upperGaN confinementayerof thelaserstructure After the etch
step, it was overgrownwith an Al odGa&, 9N upper claddinglayer. Threadingdislocationswere
presentthat initiated at the sapphiresubstrate but no new dislocationswere observedat the
grating/Al oGay g N interface A comparisorof TEM and SEM micrographgevealsthatthereis a
compositionalgradientin the AlGaN uppercladdinglayer; however,calculationsshowthatit did

not reducethe optical coupling coefficientof the grating.

Within the last coupleof years,researclon semiconduc-
tor laserswith emissionwavelengthsaround 400 nm has
receiveda greatdeal of attention.Recentmilestonesin the
developmentof nitride-basedlight emitters have beenthe
demonstrationof high-brightnessblue/greenlight emitting
diodesandboth pulsedand continuous-wavédaseroperation
at room temperaturé=> Mainly for the purposeof overcom-
ing difficulties in high-quality mirror fabrication,but alsoin
order to improve mode selectionand wavelengthstability,
distributed feedback(DFB) blue lasershave beendemon-
stratedrecently® Etchingandregrowthof the grating,which
typically completeshe devicestructure,is a major obstacle
for the fabrication of DFB lasersin material systemsother
than the nitrides. The strong chemicalbonds betweengal-
lium andnitrogenresultin a very stableandchemicallyinert
surface comparedo GaAsmaterialsfor example whereox-
idesarereadily formedon the surface.

In this letter, we presenta structural evaluationof a
third-orderdiffraction grating from InGaN/GaN-base®FB
lasers.The grating was definedby holographyand etched
into the GaN upperconfinementayerby chemicallyassisted
ion-beametching(CAIBE). After etching,it wasovergrown
with an Al odGa o\ uppercladdinglayer and a GaN con-
tactlayer.We comparescanningelectronmicroscopy(SEM)
and transmissiorelectronmicroscopy(TEM) crosssections
of the grating before and after overgrowth.Basedon these
observationswe estimatehow an effective alterationof the
grating profile due to a compositionalgradientmight affect
the grating’s coupling coefficientandthusthe thresholdgain
of the laser.

The fabrication of thesedevicesrelied on growing a 4
um thick n-type GaN:Silayer on C-facesapphire On top of
this layer, we grew a 500 nm thick, n-type Al odGay oJN:Si
lower claddinglayer, a 100 nm thick n-type GaN:Silower
waveguidinglayer, an active region with five 3.5 nm thick
Ing 1:Gay N 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 conditionsand dopinglev-
els canbe found in Ref. 5. The thicknesse®f the layersin
the active regionwere determinecby TEM. The third-order
gratingwith a period of 240 nm wasthen definedby a ho-
lographic exposurewith a single-modeHeCd laser at an
emissionwavelengthof 325 nm. Next, we transferredthe
gratinginto the GaN upperwaveguidinglayer with CAIBE.
The gratingdepthwasapproximately85 nm, which theoreti-
cally resultsin a coupling coefficientof 50-100cm ! for a
rectangulagrating. Figure 1 showsan SEM crosssectionof
the grating beforeregrowth. The tooth shapeis a symmetric
trapezoidwith 70° sidewallangle,a slightly roundedtop, and
approximately2:3line to spaceratio. The bottomof the grat-
ing looks flat with a slight slopein the areascloseto the
sidewall, the sloped bottom being an etching artifact. The
compositionof the lower AlGaN cladding layer was mea-
sured by x-ray diffraction (XRD) with the AlGaN (0006
reflection. The position of the peak correspondedo an Al
mole fraction of 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 proceededvith an epitaxial regrowthto com-
plete the device structure.The regrowth consistedof a 250
nm thick p-type Al o§Ga oJN:Mg uppercladdinglayeranda
100 nm thick p-type GaN:Mg contactlayer. The rocking

FIG. 1. SEM crosssectionof a third-ordergrating fabricatedin GaN. The
periodis 240 nm andthe grating depthis 85 nm.
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FIG. 2. X-ray diffraction curve measuredfter regrowthindicatingno deg-
radationof the QW multiple superlatticepeaks.

curve for the full device structureafter overgrowthis pre-
sentedin Fig. 2. The width of the AlGaN peak(5.6 arcmin
andthe positionof the peakdo 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-ordesuperlatticepeakscorrespondindo the InGaN/
GaN multiguantumwells, which indicatesthat they were
structurally similar after regrowth. From the position of the
InGaN zeroth-ordempeak and the period of the superlattice
peaks,we obtaineda value of 10% In for the InGaN alloy
compositionof the quantumwells. This value was obtained
by takinginto accounthatthe InGaN layersare pseudomor-
phically strainedas discussedrecently’ The period of the
superlatticepeaks(12.4 nm) in the XRD spectrumcorre-
spondsvery well to the total well and barrier thicknessas
determinedrom TEM.

Cross-sectionalEM imagesof the overgrowngrating,
takennearthe (1120) zone,are shownin Fig. 3. Disloca-
tions with componentsof their burgersvectors parallel or
perpendicularto the interface are shown in Fig. 3(a) (g
=0002) and 3(b) (g=1010), 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, and multiquantumwell layerswere identified
by both the contrastdifferenceandby x-ray chemicalanaly-
sisin the TEM. Therefore the position of the grating could
be determinecandcomparedn both of theimages.Note the
slightly higher magnification(two grating periods usedin
Fig. 3(a) to revealcompositiondetailsin the regionaround
the grating. The lower magnificationimagein Fig. 3(b) rep-
resentsan areathat coversfour grating periods.In bothim-
ages,only threadingdislocationsare observedthat initiated
at the GaN/substratanterface. No additional dislocations
could be found at the interface betweenthe grooved GaN
waveguiddayerandtheupperAlGaN claddinglayer. Thisis
very different from overgrowthsmade with InGaAsP/InP-
basedinfrared DFB lasers,for example,wherethe grooved
interfaceservesas startingpoint for numerousdislocation$
An additionalfringe contrastis observedin the areaof the
grating[Fig. 3(a)] which will be discussedelow.

Although the TEM and SEM specimenswvere prepared
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FIG. 3. TEM cross-sectionaimagesof the grating nearthe (1120 zone
direction: (a) g=0002and (b) g=1010.

from adjacentareasof the device,the two microscopiege-
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-etchedyrating profile, asindicatedby
thearrows;but the contrastwasvery low. Onthe otherhand,
there were severalfringes with a relatively high contrast
aboveof the grating. As shownin the schematiarawing of
Fig. 4, thesefringes most likely representa compositional
gradientin the overgrownAlGaN layer. This phenomenotis
similar to what hasbeenobservedn the growth of AlGaAs/
GaAs quantumwire lasers>® where Ga-rich and Al-rich
superlatticesspontaneouslyorm along the sidewallsof V-
groovesdue to the lower surfacemobility of Al atomsas
comparedo Ga atoms.Likewise, we can expectthe forma-
tion of a Ga-richAlGaN alloy in the GaN groovespresenin
our samplesHowever,as growth proceedsthe surfacebe-
comesplanar,leadingto lessseveresegregatioreffects.

Sincea compositionabradientcould alsoaffectthe grat-
ing coupling coefficient,x, we estimatedk from experimen-
tal dataandcomparedt with resultsfrom a numericalanaly-
sis. The following formula is the amplitude equality
conditionwhich canbe solvedfor the netthresholdgain, yy,
(Ref. 11).
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FIG. 4. Schematigicture of the grating after regrowth.
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This formula describesthe relation betweennet threshold
gain, coupling coefficient, kx, and cavity length, L. The pa-
rameterm is the orderof the modeandusuallycanbe setat
m= 0. The experimentalaluefor xk wasdeterminedspecifi-
cally by comparingthresholdcurrentdensitiesof DFB lasers
with differentcavity lengthsandassumingan absorptiorand
scatteringossvaluewhich wasmeasuredndependenthpn a
set of Fabry-Perotlaserswith different cavity lengthsand
mirror coatings:>!® From this measurementye found that
the total scatteringand absorptionloss is on the order of

40-50 cm™ L. This numberwas addedto the net threshold
gainin orderto obtainthresholdgain values.Furtherassum-
ing a linear relationshipbetweenoptical gain and current
densityallowed us to fit thresholdcurrentdensitiesof DFB

lasersasa functionof inversecavity lengthwith the coupling
coefficientbeing a fit parameterThis procedureyielded «

=4-8cm 1L,

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

o= 2 [ antoE 0 TRax @

which containsthe effective index differenceof the corru-
gatedinterface,An?(x). For flat-bottomedgratings,An?(x)
is definedvia
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In Eq. (2), Ey(x) is the electricfield distributionin the ver-

tical direction, €y representshe dielectricconstantw is the
frequencyof the propagatingwave, and a, the Ith Fourier
componentof the tooth shapefunction. This calculationre-
sultedin a value of 5 cm™?, which is well within the range
determinedexperimentally Thus,thereis no strongreasorto

believethat the grating strengthis adverselyaffectedby the
compositionalgradientwe observedin the TEM study. By

changingthe sidewall angle of the individual grating teeth
and preventingroundingof the profile, it shouldbe possible
to increasethe grating coupling coefficient « significantly
andachievea lower thresholdcurrentdensityfor DFB lasers
in this materialsystem.

In conclusionwe havepresentedsEM and TEM micro-
graphsalongwith x-ray dataof third-orderdiffraction grat-
ingsin InGaN/GaN-base®FB lasersWe find thatthe tooth
shapeappearedlifferent in the TEM versusSEM pictures
becauseof a compositionalgradientat the GaN/AlGaN in-
terface,which causedmuch higher fringe contrastthan ob-
tainablefrom the actualGaN/AlGaN interface.Sincesucha
compositionalnonuniformity might affect DFB laserperfor-
mance we alsocomparechumericallycalculatedandexperi-
mentally basedvaluesfor the grating coupling coefficient,
which indicatedthat the coupling coefficientis not signifi-
cantly reducedby this compositionalnonuniformity.
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