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Characterization of intra-cavity reflections by Fourier transforming
data of optically pumped InGaN lasers

spectral
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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-deemgrooveinto the surfaceof alaserbar,we havemodifiedthe emissionspectrunof such
a devicein a controlled manner.The occurrenceof sharpfeaturesin the Fourier transformed
spectrumallowedthe identificationof the modespacingcorrespondingo the full cavity length,as
well asto fractionsof the full cavity length dueto the etchedgroove.This enablesus to identify

additional featuresin the transform spectrumas being due to scattering centerswithin the
waveguideldentificationof the densityand strengthof suchcentersis animportantcapability for

the fabrication of blue diode lasersin the gallium—nitride material system.

The developmenbf a blue laserdiode in the gallium—
nitride material systemhas attractedconsiderableattention
becauseof its potentialimpact on high resolutionscanners
and printers and high storagedensity optical disks =3 One
major problemof the nitridesis their large lattice mismatch
to availablesubstratesThis mismatchcauseghe materialto
crackor to form edgedislocations]eadingto severescatter-
ing loss within the lasercavity* However, it is difficult to
evaluateheimpactof crystalimperfectionson the reflection
and scatteringlossin the optical cavity. The mostcommon
method,transmissionelectronmicroscopy(TEM), involves
time-consuming sample preparation by ion milling or
polishing®® It canconfirmthattherearecracksor pitsin the
material,but revealdlittle informationabouttheir spatialdis-
tribution along the laser cavity. Surface pits, as will be
shownbelow, canbe detectedby usingan atomicforce mi-
croscope(AFM), but supplementarytechniquesare needed
to determinetheir depthand the extentto which theseim-
pinge on the lasing cavity.

We reportin this letter a new methodto determinethe
presenceof cracksand pits in a laser cavity. The way we
addresghis issueis to look at the spectralsignatureof the
imperfectionsby investigatingthe Fourier transformof the
laser emission spectrum obtained under optical pumping
conditions’™® This approachrequires neither the tedious
processingwhich is necessaryto fabricate an electrically
pumpeddevicesuchasa light emittingdiodeor alaserdiode
nor the effort to preparea TEM sample.Neverthelessijt
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. Since the emissionof our optically pumped
InGaN-basedasersexhibited two main emissionlobes at
anglesof +18°, we collectedthe light with a microscope
objective (magnification50x , humericalaperture0.95 and
focusedit onto a quartzfiber with which we could feed it
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into a high resolution grating spectrometenSPEX, dsocys
=1.26m, A =1800lines/mm, wg;=50 um). Signals were
measurediy a 1024 elementarray photodetectorThe illu-
mination time was on the order of 30 s in orderto achieve
good signal to noise ratios. Using this configuration, we
achieveda spectralresolutionof 0.25 A over a wavelength
window of 10 nm.

For theseexperimentswe used metalorganicchemical
vapor deposition(MOCVD) grown sampleswith a 4-um-
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
samplesvherecrackswerevisible andsamplesn which we
did not expectcracks.The 510-um-long lasercavitieswere
formed by two polishedfacetsand a high reflectivity (HR)
Al mirror on one side (R=93%). As shownin Fig. 1, a
5-um-wide and 300-nm-deegroove was dry etchedinto a
samplethat we did not expectto be cracked.The etched
groovewasorientedat a shallowangleto the emitting facets,
and divided the main cavity into two shortersub cavitiesof
variablelength. At positionA, thereis no etchedgroove.At
positionB, the two subcavitieswere200and 310 um long,
respectively At positionC, they measure240and270 um.

Fouriertransformsof the laserspectraof the devicesat
positionsA, B, andC allowedusto comparethe effectof the
etched groove and the crystal imperfectionson the laser
spectrum->? Obviously, the etchedgroove and those re-
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FIG. 1. Schematidop view of the deviceunderinvestigation.The positions
wherespectrahavebeenmeasuredire markedwith A, B, andC.



flecting featureswhich give sufficientbackscatteringnto the
waveguidemodeserveasadditional,parasiticmirrors within
the lasercavity. Eachadditionalreflectionformsits own two
Fabry-Peot (FP) sub cavities; one with the back and one
with the front facet. If thereis more than one intra-cavity
reflection,thenthereare evenmore possibilitiesfor the for-
mationof subcavities.Let usassuméherefor simplicity that
each feature producesonly one pair of sub cavities. We
thereforeexpecteachof thesesub cavitiesto haveits own
Fabry-Peot modespacing correspondingo onepeakpair in
the Fouriertransformof the emissionspectrum.

In orderto show the principle, we use a simple math-
ematicalexample.We start with a laserspectrumhaving a
Gaussian-shapeénvelopeand cosinelike FP mode oscilla-
tions with modespacingApg, definedby

AB=— 1
Although AB is in fact—via the dispersioncorrection—a
function of the wave number,we assumeherefor simplicity
a constantrefractive index over the small wave number
rangewe areinvestigating.The spectrunmof sucha deviceis
thengiven by
i
f(B)=e " "w -
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In Eq. (1), L definesthe cavity lengthandn is the dispersion-
correctedeffectiverefractiveindex, assumedo be constant.
In Eq. (2), we definew asthe full width at half maximum
(FWHM) of the spectralenvelope,and m asthe contrastof

the FP modefringes.With 8 (wavenumber$ andd (optical

path length as conjugatetransform variables,the Fourier
transformatiorof the abovespectrumis definedby
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with C; beinga complexconstant.Since,in this particular
case,F(d) is an evenfunction of d [F(d)=F(—d)], we
investigateonly the peakson the positive x axis. If we start
with a device with an intra-cavity reflection defining two
different sub-cavity lengths,L=L;+L,, then thesethree
different cavity lengths,L, L;, and L,, will initiate three
different FP mode spacings,AB, AB;, and AB,, respec-
tively. The three correspondingcosine functions addedto-
getheryield the spectrumof this device,wherethe sum of
their Fouriertransformsresultsin the transformof the spec-
trum. We will thereforeend up with two Gaussian-shaped
peaksat dp=0 and at d==/(AB-n) and two additional
peaksatd,=m/(AB;-n) andatd,=w/(AB,-n). Sincewe
assumed_=L;+L,, it follows thatd=d;+d,. Although
thesetransformsare in generalcomplexfunctions,we will
presenterethe amplitudefunction only andhide the phase;
this is appropriatebecausehe amplitudecontainsthe impor-
tantinformation.
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FIG. 2. Fourier transformedemissionspectrumof the laser measuredat
positionA. The spectrumwhich is shownasaninset,wasmeasuredvith a
high resolutionspectrometer.

We measuredhe emissionspectraof the sampleshown
in Fig. 1 at a positionbeyondthe etchedgroove(positionA),
and at two further positionswithin the groovedregion (po-
sitions B and C). Thesepositionsare also shownin Fig. 1.
Figure 2 showsthe Fourier transformedemissionspectrum
of the unperturbedasercavity at positionA and,asaninset,
the emissionspectrumitself. Thereareclearly visible Fabry-
Paot oscillationsin the spectrumwhich give rise to very
pronouncedcavity length peaksat around510 um in the
transform.The origin of this peakfamily insteadof a single
peakis a resultof filamentingin the lasercavity: sincethe
films were grown without rotation of the sapphiresubstrate,
thereis a substantiathicknesggradientacrosghe wafer. The
fact that we see a Gaussianfar field distribution with a
FWHM of 7° perpendiculato the growth directionallowsus
to estimatethe lateralaperturewidth to be approximately25
um. However, we estimatethat the width of the pumped
region is over 100 um. Assumingthereforethat there are
severallasing filamentsacrossthe pumpedareaand consid-
eringthethicknesgyradientin thelayers,we canexpectmul-
tiple emissionwavelengthsandthereforemorethanonecav-
ity length peakin the Fourier transform of the spectrum.
Therearemanyotherfeaturesn thetransformspectrumwith
optical path lengthsbelow 510 um. This structuremust be
due to additional perturbationswithin the laser cavity. We
have seendatafor which the inverse mode separationf
pairsof theseadditionalpeaksaddup to the modespacingof
the full cavity length peak,asdescribedabove.This implies
the presenceof discretescatteringcentersat specific loca-
tionswithin the cavity. The fine structureof this transformed
spectrumis in sharpcontrastto what we observein a laser
cavity knownto befree of optical perturbationsfor example,
theonefrom ared InGaAlP laser.Thetransformedspectrum
of sucha deviceis structurelesexceptfor the single peak
dueto the Fabry-Peot modes.

A measuremenbf the emissionspectraat positionsB
and C resultedtypically in Fourier transformsas shownin
Fig. 3. Both of themrevealedoeakpairswhoseinversespac-
ings wereclearly relatedto the distanceto the groovedfacet
for eachparticularposition. This establisheghat the etched
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FIG. 3. Fourier transformedspectrumtaken at position B. The peak pair
correspondingdo the etchedgrooveis markedby arrows.

grooveaddsadditionalpeaksto the transformof the existing
laserspectrumat positionsdeterminedy the positionof the
etchedgroove within the cavity. This peak structureis not
noise. In addition, there are numerousadditional peaksof

similar heightin the Fourier transformcausedby different
types of crystal imperfections. These peaks are also not
noise. If we estimate an approximate number of n,

=50-100 peaksto be presentin the transformedspectrum
and all of them causedby mutually interacting scattering
centersthenwe can calculatetheir number,ng, by using

(ne+1
np= >, kzw. (4)

Fromthis equationwe geta numberof ng=10-15 scatterers
(correspondingo 30-50 um distancebetweenthem) to be
presentin our sample.

In heavily crackedsamplesthe cracksarefoundto form
on the prism planes. For this sample, we investigated
~50 um of materialin the TEM; by tilting the sample= 30°
in the microscopewe lookedfor cracksalongfour of the six
prism planes.However,no crackswere observedgexcluding
themasa possiblesourceof internalreflection.

Ratherthancracks,the TEM investigationof this sample
[Fig. 4(a)] revealedhexagonallyshaped,300-nm-deepand

(a) (b)

FIG. 4. TEM micrograph(120000% )/AFM surfacescan(6X 6 um?) of a
piece of the material from which the investigatedsamplewas fabricated.
The largestpits are hexagonallyshaped measure250 nm across,and are
300 nm deep.
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250-nm-wide pits that extendedfrom the surfaceinto the
active layer. By doing an AFM surfacescan[Fig. 4(b)], we
found an averagepit-to-pit distanceof 2 um. This figure,
takenby itself, is higherthanthe densityof scatterergiven
by the numberof reflectionpeaks.However,it is likely that
the laserfilamentsare establishedalong lines which mini-
mize scatteringloss and thereforeminimize the numberof
pit intersectionsin addition, it is possiblethat somenumber
of pits do not backscattelinto the waveguidemode. It is
clear,however thatthe extensivefine structurein the Fourier
transformemissionspectrumis a direct consequencef the
pits presentin the growth surface.

In summarywe haveshowna new, powerfulmethodfor
theinvestigationof the materialquality of InGaN-basedaser
material. The methodis basedon Fourier transformingthe
spectraldata of optically pumpedlaser devices.The main
scatteringfeatureswithin the lasercavity of our materialap-
pearedo be pits in the surfacewhich penetrateo the active
region. Sincethe laser oscillatesin narrow filaments,even
relatively small pits cancausea strongbackreflectionresult-
ing in the insertionof fine structureinto the Fourier trans-
formedspectrumThesefeaturesareintroducedaspairs,and
the optical pathlengthsof sucha pair add up to the optical
pathlengthof the full cavity lengthpeak.Sinceour method
requiresonly simple processingit offers animportantdiag-
nostictechniquefor the evaluationof the structuralintegrity
of the optical waveguide.
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