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Fourier analysisof laseremissionspectrajust abovethresholdis usedto evaluatethe impact of
structural defects on the emission from optically pumped InGaN lasers. By dry etching a
300-nm-deepgrooveinto thesurfaceof a laserbar,wehavemodifiedtheemissionspectrumof such
a device in a controlled manner.The occurrenceof sharp featuresin the Fourier transformed
spectrumallowedthe identificationof themodespacingcorrespondingto the full cavity length,as
well as to fractionsof the full cavity lengthdueto the etchedgroove.This enablesus to identify
additional features in the transform spectrumas being due to scatteringcenterswithin the
waveguide.Identificationof the densityandstrengthof suchcentersis an importantcapabilityfor
the fabrication of blue diode lasersin the gallium–nitride material system.

Published in Applied Physics Letters 71, 3200-3202, 1997
which should be used for any reference to this work

1

The developmentof a blue laserdiode in the gallium–
nitride material systemhas attractedconsiderableattention
becauseof its potential impact on high resolutionscanners
and printersand high storagedensityoptical disks.1–3 One
major problemof the nitrides is their large lattice mismatch
to availablesubstrates.This mismatchcausesthe materialto
crackor to form edgedislocations,leadingto severescatter-
ing loss within the lasercavity.4 However, it is difficult to
evaluatethe impactof crystalimperfectionson thereflection
and scatteringloss in the optical cavity. The most common
method,transmissionelectronmicroscopy~TEM!, involves
time-consuming sample preparation by ion milling or
polishing.5,6 It canconfirmthat therearecracksor pits in the
material,but revealslittle informationabouttheir spatialdis-
tribution along the laser cavity. Surface pits, as will be
shownbelow, canbe detectedby usingan atomic force mi-
croscope~AFM!, but supplementarytechniquesare needed
to determinetheir depthand the extent to which theseim-
pingeon the lasingcavity.

We report in this letter a new methodto determinethe
presenceof cracksand pits in a laser cavity. The way we
addressthis issueis to look at the spectralsignatureof the
imperfectionsby investigatingthe Fourier transformof the
laser emission spectrumobtained under optical pumping
conditions.7–10 This approachrequiresneither the tedious
processingwhich is necessaryto fabricate an electrically
pumpeddevicesuchasa light emittingdiodeor a laserdiode
nor the effort to preparea TEM sample.Nevertheless,it
revealssomevery important featuresof the quality of the
optical waveguide,and is thereforeexpectedto becomea
suitablediagnostictool for improving deviceperformance.

The experimentalsetupwas very similar to our earlier
experiments.7 Since the emissionof our optically pumped
InGaN-basedlasersexhibited two main emissionlobes at
anglesof 618°, we collectedthe light with a microscope
objective~magnification503, numericalaperture0.95! and
focusedit onto a quartzfiber with which we could feed it
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into a high resolution grating spectrometer~SPEX, dfocus

51.26m, L51800lines/mm, wslit550mm!. Signals were
measuredby a 1024 elementarray photodetector.The illu-
mination time was on the order of 30 s in order to achieve
good signal to noise ratios. Using this configuration,we
achieveda spectralresolutionof 0.25 Å over a wavelength
window of 10 nm.

For theseexperiments,we usedmetalorganicchemical
vapor deposition~MOCVD! grown sampleswith a 4-mm-
thick GaN buffer, a 500 nm AlGaN lower clad, a 240 nm
GaN waveguidewith 5 InGaN quantumwells ~QWs!, anda
50-nm-thick upper clad on top. We investigated both
sampleswherecrackswerevisible andsamplesin which we
did not expectcracks.The 510-mm-long lasercavitieswere
formed by two polishedfacetsand a high reflectivity ~HR!
Al mirror on one side (R593%). As shown in Fig. 1, a
5-mm-wide and 300-nm-deepgroovewas dry etchedinto a
samplethat we did not expect to be cracked.The etched
groovewasorientedat a shallowangleto theemittingfacets,
anddivided the main cavity into two shortersubcavitiesof
variablelength.At positionA, thereis no etchedgroove.At
positionB, the two subcavitieswere200 and310 mm long,
respectively.At positionC, they measure240 and270 mm.

Fourier transformsof the laserspectraof the devicesat
positionsA, B, andC allowedusto comparetheeffectof the
etched groove and the crystal imperfectionson the laser
spectrum.11,12 Obviously, the etchedgroove and those re-

FIG. 1. Schematictop view of thedeviceunderinvestigation.Thepositions
wherespectrahavebeenmeasuredaremarkedwith A, B, andC.
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flecting featureswhich give sufficientbackscatteringinto the
waveguidemodeserveasadditional,parasiticmirrorswithin
the lasercavity. Eachadditionalreflectionformsits own two
Fabry-Pe´rot ~FP! sub cavities; one with the back and one
with the front facet. If there is more than one intra-cavity
reflection,thenthereareevenmorepossibilitiesfor the for-
mationof subcavities.Let usassumeherefor simplicity that
each feature producesonly one pair of sub cavities. We
thereforeexpecteachof thesesub cavitiesto haveits own
Fabry-Pe´rot modespacing,correspondingto onepeakpair in
the Fourier transformof the emissionspectrum.

In order to show the principle, we usea simple math-
ematicalexample.We start with a laserspectrumhaving a
Gaussian-shapedenvelopeand cosinelikeFP modeoscilla-
tions with modespacingDb, definedby

Db5
p

nL
. ~1!

Although Db is in fact—via the dispersioncorrection—a
function of the wavenumber,we assumeherefor simplicity
a constantrefractive index over the small wave number
rangewe areinvestigating.Thespectrumof sucha deviceis
thengiven by
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In Eq. ~1!, L definesthecavity lengthandn is thedispersion-
correctedeffectiverefractiveindex,assumedto be constant.
In Eq. ~2!, we definew as the full width at half maximum
~FWHM! of the spectralenvelope,andm as the contrastof
the FP modefringes.With b ~wavenumbers! andd ~optical
path length! as conjugatetransform variables,the Fourier
transformationof the abovespectrumis definedby
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with C1 being a complexconstant.Since,in this particular
case,F(d) is an even function of d @F(d)5F(2d)#, we
investigateonly the peakson the positivex axis. If we start
with a device with an intra-cavity reflection defining two
different sub-cavity lengths, L5L11L2 , then these three
different cavity lengths,L, L1 , and L2 , will initiate three
different FP mode spacings,Db, Db1 , and Db2 , respec-
tively. The three correspondingcosinefunctions addedto-
getheryield the spectrumof this device,wherethe sum of
their Fouriertransformsresultsin the transformof the spec-
trum. We will thereforeend up with two Gaussian-shape
peaksat d050 and at d5p/(Db•n) and two additional
peaksat d15p/(Db1•n) andat d25p/(Db2•n). Sincewe
assumedL5L11L2 , it follows that d5d11d2 . Although
thesetransformsare in generalcomplex functions,we will
presentheretheamplitudefunctiononly andhide thephase;
this is appropriatebecausetheamplitudecontainsthe impor-

tant information.
We measuredthe emissionspectraof the sampleshown
in Fig. 1 at a positionbeyondtheetchedgroove~positionA!,
and at two further positionswithin the groovedregion ~po-
sitions B and C!. Thesepositionsare also shownin Fig. 1.
Figure 2 showsthe Fourier transformedemissionspectrum
of theunperturbedlasercavity at positionA and,asaninset,
theemissionspectrumitself. Thereareclearlyvisible Fabry-
Pérot oscillations in the spectrumwhich give rise to very
pronouncedcavity length peaksat around510 mm in the
transform.The origin of this peakfamily insteadof a single
peakis a result of filamentingin the lasercavity: sincethe
films weregrown without rotationof the sapphiresubstrate,
thereis a substantialthicknessgradientacrossthewafer.The
fact that we see a Gaussianfar field distribution with a
FWHM of 7° perpendicularto thegrowthdirectionallowsus
to estimatethe lateralaperturewidth to beapproximately25
mm. However, we estimatethat the width of the pumped
region is over 100 mm. Assumingthereforethat there are
severallasingfilamentsacrossthe pumpedareaandconsid-
eringthethicknessgradientin thelayers,we canexpectmul-
tiple emissionwavelengthsandthereforemorethanonecav-
ity length peak in the Fourier transform of the spectrum.
Therearemanyotherfeaturesin thetransformspectrumwith
optical path lengthsbelow 510 mm. This structuremust be
due to additionalperturbationswithin the laser cavity. We
have seendata for which the inversemode separationsof
pairsof theseadditionalpeaksaddup to themodespacingof
the full cavity lengthpeak,asdescribedabove.This implies
the presenceof discretescatteringcentersat specific loca-
tionswithin thecavity. Thefine structureof this transformed
spectrumis in sharpcontrastto what we observein a laser
cavity knownto befreeof opticalperturbations,for example,
theonefrom a redInGaAlPlaser.Thetransformedspectrum
of sucha device is structurelessexceptfor the single peak
dueto the Fabry-Pe´rot modes.

A measurementof the emissionspectraat positionsB
and C resultedtypically in Fourier transformsas shownin
Fig. 3. Both of themrevealedpeakpairswhoseinversespac-
ingswereclearly relatedto thedistanceto thegroovedfacet

FIG. 2. Fourier transformedemissionspectrumof the laser measuredat
positionA. Thespectrum,which is shownasan inset,wasmeasuredwith a
high resolutionspectrometer.
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for eachparticularposition.This establishesthat the etched



grooveaddsadditionalpeaksto the transformof theexisting
laserspectrum,at positionsdeterminedby thepositionof the
etchedgroovewithin the cavity. This peakstructureis not
noise. In addition, there are numerousadditional peaksof
similar height in the Fourier transformcausedby different
types of crystal imperfections.These peaks are also not
noise. If we estimate an approximate number of np

550–100 peaksto be presentin the transformedspectrum
and all of them causedby mutually interacting scattering
centers,thenwe cancalculatetheir number,ns , by using

np5 (
k51

ns

k5
ns~ns11!

2
. ~4!

Fromthis equation,we geta numberof ns510–15 scatterers
~correspondingto 30–50 mm distancebetweenthem! to be
presentin our sample.

In heavilycrackedsamples,thecracksarefoundto form
on the prism planes. For this sample, we investigated
;50mm of materialin theTEM; by tilting thesample630°
in themicroscope,we lookedfor cracksalongfour of thesix
prism planes.However,no crackswereobserved,excluding
themasa possiblesourceof internal reflection.

Ratherthancracks,theTEM investigationof this sample
@Fig. 4~a!# revealedhexagonallyshaped,300-nm-deepand

FIG. 3. Fourier transformedspectrumtakenat position B. The peakpair
correspondingto the etchedgrooveis markedby arrows.

FIG. 4. TEM micrograph(1200003)/AFM surfacescan(636 mm2) of a
piece of the material from which the investigatedsamplewas fabricated.
The largestpits are hexagonallyshaped,measure250 nm across,and are

300 nm deep.
250-nm-widepits that extendedfrom the surfaceinto the
active layer. By doing an AFM surfacescan@Fig. 4~b!#, we
found an averagepit-to-pit distanceof 2 mm. This figure,
takenby itself, is higherthanthe densityof scatterersgiven
by the numberof reflectionpeaks.However,it is likely that
the laser filamentsare establishedalong lines which mini-
mize scatteringloss and thereforeminimize the numberof
pit intersections.In addition,it is possiblethat somenumber
of pits do not backscatterinto the waveguidemode. It is
clear,however,thattheextensivefine structurein theFourier
transformemissionspectrumis a direct consequenceof the
pits presentin the growth surface.

In summary,we haveshowna new,powerfulmethodfor
theinvestigationof thematerialquality of InGaN-basedlaser
material.The methodis basedon Fourier transformingthe
spectraldata of optically pumpedlaser devices.The main
scatteringfeatureswithin the lasercavity of our materialap-
pearedto be pits in the surfacewhich penetrateto the active
region. Since the laseroscillatesin narrow filaments,even
relativelysmallpits cancausea strongbackreflectionresult-
ing in the insertionof fine structureinto the Fourier trans-
formedspectrum.Thesefeaturesareintroducedaspairs,and
the optical path lengthsof sucha pair addup to the optical
path lengthof the full cavity lengthpeak.Sinceour method
requiresonly simpleprocessing,it offers an importantdiag-
nostictechniquefor the evaluationof the structuralintegrity
of the optical waveguide.

The authorsaregrateful to F. Endicott,D. F. Fork, and
G. Andersonfor settingup the experiment.This work was
financially supportedby the United StatesDepartmentof
Commerce~DoC ContractNo. ATP-70NANB2H1241,and
the DefenseAdvancedResearchProjectsAgency ~DARPA
ContractNo. MDA972-95-3-008!.

1S. Nakamura,M. Senoh,S. Nagahama,N. Iwasa,T. Yamada,T. Mat-
sushita,H. Kiyoku, andY. Sugimoto,Jpn.J. Appl. Phys.,Part1 35, L74
~1996!.

2S. Nakamura,M. Senoh,S. Nagahama,N. Iwasa,T. Yamada,T. Mat-
sushita,Y. Sugimoto,andH. Kiyoku, Appl. Phys.Lett. 69, 1477 ~1996!.
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