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Loss measurements on semiconductor lasers by Fourier analysis of the

emission spectra

Daniel Hofstetter® and Robert L. Thornton
Xerox Palo Alto ResearchCenter,Palo Alto, California 94304

We presenta study on a novel methodfor the determinatiorof the cavity lossesn semiconductor
lasers.The methodwe use involves Fourier analysisof the Fabry-Perot mode spectrumwhen
operatingthe device below lasing threshold. The observationof the decayrate of higher order
harmonicsin the Fourier analysisof the spectraallows us to determinethe amountof cavity
propagatiorioss/gain A comparisorbetweerexperimentandcalculateddatafor anAlGalnPlaser
at 670 nm showedgood agreementip to an injection currentof 0.93x 1,. This methodtherefore
providesa generalizatiorof the Fabry-Perot contrastmeasuremeninethodfor extractingcavity

lossedrom spectrainformation.

The characterizationf lasercavitiesin termsof internal
loss or gain is a researchtopic of ongoing relevanceand
importance,especiallywith regardto the developmentof
new laser materials and designsin the short wavelength
rangeof the spectrum.An elegantmethodto determinethe
lossesis basedon a measuremenof the Fabry-Perot (FP)
fringe contrastm, in the spectrumt=3 The contrasts defined
asmM= (I pax— I min)/ (I maxt Imin)- This methodis very effective
for low Q cavitieswhenm is significantlylessthanl. As the
Q factorof the cavity increasesthe modesbecomeamnoreand
more like Dirac—delta functions, with the contrastm ap-
proachingunity, and a narrow linewidth, whereasthe FP
modesof a low Q factor cavity exhibit a nearly sinusoidal,
low contrastpattern.

In this work, we show a new methodto measurethe
optical gain of semiconductoraser cavities. The detailed
analysisof Fourier transformedsubthresholdspectr&® al-
lowed us to determinea wavelength-averagechvity propa-
gationloss/gain.The Fouriertransformof the FP fringe pat-
tern resultsin a spectrumcontaining the fundamentalFP
frequency related to the cavity length plus harmonics
thereof® As will be shown below, the cavity propagation
loss/gainis relatedto the ratio betweenthe Fourier coeffi-
cientsof adjacentharmonicsOn the otherhand,thewidth of
the individual harmonicpeaksis alsoinverselyproportional
to the spectralbandwidthof the light emission’® Therefore,
by using the propagationloss/gainas a fitting parametetto
matchtheoreticallytransformedspectrao experimentatiata,
we can obtain a measuremenof the internal cavity losses.
This methodis especiallywell suitedasa diagnostictool for
light emitterswhich exhibit stimulatedemissionbut are not
lasing. It is superior to the FP contrast measurement
method? in the respectthat it continuesto be usefulasm
approachesnity andin factis limited only by theresolution
of the spectrometeused.In addition, it potentially allows
filtering of TE/TM modefamilies determiningtheir gainin-
dependentlythesedifferent mode setswould makethe cor-
rect determinationof the contrast,and thereforethe use of
the Hakki—Paolimethodmoredifficult. Finally, by usingthis

3E|ectronicmail: hofstetter@parc.xerox.com

new technique the point of zero propagationoss, or trans-
parencycurrentlevel, canbe found easily.

In orderto showhow well this simpleanalysisappliesto
experimentatlata,we presentherespectraimeasurementsf
GalnP/AlGalnP-baseded diode lasers”® which will be
comparedwith calculations.The laser materialwas a con-
ventional red laser structurewith 500 nm thick Algglng 5P
cladding layers, a 240 nm thick (Al ¢G&y 4)g5ingsP wave-
guide core with an 8 nm thick GalnP quantumwell in the
center.It wasgrownon a 10° misorientedGaAssubstratdyy
metalorganichemicalvapordeposition.The emissiorwave-
length of thesedeviceswas 670 nm, correspondingo a Ga
mole fraction of 0.4 in the alloy compositionGgln; _,P o
the quantumwell. After depositionof 50 um wide Ti/Au
stripesto form broadareap contacts,and Au/Ge n-contact
metallurgy, 450 um long laserbarswere cleavedfrom the
material. Thesebroadareadeviceswereprobetestedatroom
temperatureand under pulsed conditions (800 ns pulse
length, 0.08% duty cycle). The emittedlight was collected
by a fiber andfed onto the 50 um wide slit of a high reso-
lution gratingspectromete(SPEX,1.26 m focal length,0.25
A spectralresolution, A = 1800lines/mm. Light detection
was accomplishedoy a 1024 elementarray photodetector.
Using this configuration,spectralmeasurementsf a 10 nm
wavelengttrangewith atheoreticakresolutionof 0.1 A could
be performed Dueto the pulsedoperationof the laserdiode,
it wasnecessaryo collectthelight of theinvestigatedievice
for upto 30s.

The analytic expressionfor a subthresholddiode laser
spectrummakesuse of the optical transmissionspectrum
througha FP resonatorThe geometricalseriesexpansiorof
the transmittedamplitudethroughsucha resonatoris given

by

A(B)=(1-RX e 2)x 2 (RX g2¥)mx g2inmLp
m=0

xXe~ 2(m+0.5)kL,8’ (1)
whereB=2mx/\ isthewavenumber,n representsherefrac-
tive index, k correspondgo the absorptionindex, R is the
powerreflectanceof thelasermirrors,L standgor the cavity
lengthand = arctan-2k/in?+k?—1) is the phasechangeof
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FIG. 1. High resolutionlaser spectrumof a red laserat 0.933X|y,. The
insetshowsthe Fouriertransformof this spectrum.

thelight dueto the facetreflection.The transmittedntensity
can then be calculatedaccordingto 1(8)=A(B) XA*(B),

and, somewhatsimplified, the subthresholdemissionspec-
trum of a diode lasercan be describedas the productS(3)

=1(B)XE(B) of the transmittedintensity through a FP
resonator

- (1-R)?X e~ 2L+ 4 X sird( )
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anda spectralenvelope E(B), definedby

E(B)= 3. (3

2
—X
W

1 1

Bo B

E(B) describeghe Lorentz-shapedpectralenvelopewith a

full width at half maximumof 2#/w aroundthe centralwave

numberg,. Sincethe Fouriertransformof a productof two

functions (i.e., the FP transmissioncurve and the spectral
envelopeg is equalto the convolutionof the two transformed
functions,we calculatefirst the transformof the geometrical
seriesfor the transmittedamplitudegiven in Eq. (1). This

resultsin

A(d)=(1—-Rxe?¥)
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After performinganauto-convolutiorwith the Fouriertrans-
form of its complex-conjugateiA* (d), we getthe transform
of the transmittedintensity,

I(d)=]1-Rxe 2|2
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Finally, the spectralenvelopewill be transformedas well
and subsequenthconvolvedwith the transformedFP inter-
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ferogramgiven by Eq. (5). Sincethis last mathematicabp-
erationinvolvestediousalgebra,we statehereas a general
rule that a broad spectrumwill yield narrow peaksin the
transformand a narrow spectrumwill give relatively broad
peaks. The position of thesepeaksis given by d=nL(l
—m)/ar, wherel andm areintegers.We call the conjugate
variabled of the wave number B optical path length. The
variabled is proportionalto the cavity length, and the pro-
portionality factoris n/ 7. Althoughthe complexfunction of
Eq. (5) consistsjn general,of amplitudeandphasewe will
useand plot the amplitudeonly for the following consider-
ations.In addition, we will useunits of um for the optical
pathlength.

Since, in Eq. (5), the facet reflectanceand the cavity
length are usually known, the only free parameteis the ab-
sorptioncoefficientk which is relatedto the cavity propaga-
tion loss/gain.One canthereforedeterminethe cavity propa-
gation loss/gainwhen performing a Fourier transformon a
subthresholdemissionspectrum.Obviously, the expansion
into a geometricalseries[Eqg. (1)] fails for term ratios of
unity or more,andwe can usethe methoddescribedabove
only below threshold.

In this work, we measuredspectraof a red broad area
laserat four differentinjection currents(120, 130, 140, and
150 mA) correspondingo 0.8,0.867,0.933,and 1 X I,. A
typical emissionspectrumis shownin Fig. 1; it showsa FP
mode spacingof 1.1 A, correspondingo a 450 um cavity
length. This spectrumwasobtainedat aninjection currentof
140 mA (0.933X1y,). The numerical Fourier transform of
this spectrumis shownasaninsetof Fig. 1. Thereis a main
peakat dy=450um, correspondingo the cavity length,and
severalsmallerpeaksat integer multiples of dy. The pres-
enceandthe slow decayrate of thesepeaksindicatethatthe
Q factor of the cavity is alreadyhigh, and the shapeof the
individual FP modesis closerto a seriesof Dirac—deltafunc-
tions than to a sine function. Moreover, when choosinga
logarithmicscalefor they axis, thereappeardo be a unique
ratio betweenthe height of the adjacentpeaksin the trans-
form, i.e., the peaksof the harmonicslie on a straightline.
Eventual deviations from this harmonic amplitude ratio
(HAR) are due to the fact that we are averagingacrossa
wavelengthrange over which gain/lossand thereforek do
not remainconstant.In Fig. 2, we show Fourier transforms
of experimentaldatafor threedifferent currentlevels (120,
130,and140mA); thedecreasinglecayrateof the harmonic
peaksat higherinjection currentlevelsis clearly visible.

Figure3 showsthe numericalFouriertransformsof ana-
Iytically calculatedemissionspectraor the samecurrentlev-
elsasin Fig. 2. Therelative heightof the peaks their shape,
and positionagreevery well with the experimentadata. At
150 mA, which is very closeto lasingthreshold,only a fair
agreementcould be achieved, and the calculated cavity
propagationgain value disagreedwith the thresholdcondi-
tion
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for lasing.This wasbecaus®f thelimited spectrakresolution
of the employedspectrometerSince we can measureonly
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FIG. 2. Fouriertransformsof experimentalaserspectraat injection current
levelsof 120,130, and 140 mA.

limited sharppeaks(Ax=0.1A), we cannotcharacterize
cavitieswith Q factorsbeyond10 for this particularwave-
length. This explainsthe deviationof the experimentadata
from the calculationwhen coming closeto threshold.For
this particular device, the thresholdcurrentwas roughly at
150 mA. Theinjection currentat which the gainin the laser
cavity equalsthe cavity propagatioriossis the transparency
currentandthis point could be easilydetectecat 135 mA. It
is characterizedy g=« in Eq. (6) or k=0 in Eq. (5).

The HAR, r, in Fig. 2 is relatedto K, the cavity propa-
gationloss/gain,via r = RX exp(—KL). For the investigated
injection currentlevels (120, 130, 140, and 150 mA), we
determinedHAR valuesof 0.20, 0.26, 0.35, and 0.56, and
correspondingloss/gain values of —9.7, —3.9, 2.7, and
13.1cm %, respectively Since,with our currentexperimen-
tal setup,the HAR canbe determinedvithin =5% only, our
presentmeasurementsire limited to this precision. These
valuesarerepresentedy dotsin Fig. 4. Thedashedine is a
fit of thecurveK(1)=gyXlog(l/1p)— ag throughthesepoints.
The valueswe obtainedwhen performing this fit were aq
=10cm™ !, 1,=120mA, and go=200cm . The consis-
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FIG. 3. Fouriertransformsof simulatedlaserspectra.The cavity propaga-
tion loss/gainvalueshave beenchosento match thesedatato the corre-
spondingexperimentaldataof Fig. 2.
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FIG. 4. Cavity propagatiorioss/gainvs injection currentfor a 450 um long
red broadarealaser.The fitted line assumes logarithmic gain/currentbe-
havior.

tencyof our cavity lossresultwith valuesobtainedby other
method$®!is somewhatsurprisinggiven the lateral multi-

mode behavior of our device. However, it showsthat the
cavity propertiesof the different filamentsof a broad area
laserresonatorare sufficiently coherentthat a well-defined,
althoughbroadenedseriesof harmonicpeaksbecomesap-
parentin the Fouriertransform.

In conclusion,we have showna new powerful method
with which the optical gain of a laser cavity can be deter-
mined easily. The methodis basedon Fourier analysisof
subthresholdaser spectraand measuremenof the HAR in
theseFouriertransforms.The transparencgurrentlevel can
be determinedchswell asthetotalinternalloss.Becausef its
easyimplementation this method might becomeuseful for
practicalapplicationssuchas characterizatiorand improve-
mentsof laserfacetcoatingsor FP étalons.
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helpin settingup the experiment.
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