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We investigatenormalandanomalouslongitudinalmodehopsin GaAs/AlGaAs-baseddistributed
Braggreflector~DBR! lasers;anomalousmodehopsaredefinedasthosewhichmovetowardshorter
wavelengthswith increasing temperature,which is unexpected.The two-sectionDBR lasers
discussedin this letter, consistingof a gain sectionand an unpumpedBragg reflector, typically
exhibit onemodehop in a 10 K temperaturerange.Although the longerwavelengthmodesare
expectedto start lasing when raising device temperature,occasionalmode hops to a shorter
wavelengthareseen.Wederiveamodelfor temperature-dependentwavelengthtuning,with which
the overheatingof the gain section is describedempirically. This model allows an accurate
numerical simulation of both kinds of temperature-inducedlongitudinal mode hops.
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Semiconductor-baseddistributedBragg reflector~DBR!
lasersarehigh-performancelight sourcesusedin manyap-
plications and are particularly attractive for their spectral
properties.The tuning of emissionwavelengthwith current
or temperatureis oftenadesirablefeaturefor theuseof DBR
lasersin sensor,1,2 time standard3 or relatedapplications;a
parameterof interestis theachievabletuning rangebetween
longitudinalmodehops.Although the tuning behavioris, in
general,well understood,4 a detailed examinationof the
spectralshift with temperaturerevealsunexpectedfeatures
requiringdeeperstudy.

In this letter, we examinethe temperaturewavelength
tuning of GaAs/AlGaAs-basedDBR lasers in detail and
demonstratethe existenceof both normal and anomalous
modehops.The anomalousbehavior,namelymodehopsto
shorterwavelengthswith increasingtemperature,hasnot yet
beendescribedfor DBR lasersin thenear-IRspectralregion.
Similar resultswere obtainedseveralyearsago on far-IR
Pb12xSnxSe/Pb12x2yEuySnxSe DBR laser diodes.5 We de-
rive a simpleempiricalmodelusinga non-uniformtempera-
ture distributionalong the gain and the DBR sectionof the
deviceto describeboth thenormalandanomalousbehavior,
using this to predict under what circumstancesanomalous
behavioris expected.

The DBR lasersunder investigationwere single quan-
tumwell ~QW! deviceswith 800nm thick Al0.8Ga0.2As clad-
ding layersanda 170nm thick Al0.3Ga0.7As waveguidecore
with a 7 nm thick GaAs QW. They employeda single-
growth-stepprocessingtechnologyas has been described
previously.6 Thepumpedgainsectionsof thesedeviceswere
either500 or 750mm long, with Bragg reflectorlengthsof
100 mm. The coupling coefficient,k, of the DBR grating
was determinedby a stopband-widthmeasurementof the
subthresholdlaserspectrum,yielding a valueof 350 cm21.
All deviceswere testedunder cw conditions,in bar form,
andat roomtemperature;duringmeasurement,thebarswere
placedepitaxial sideup on an aluminumheatsink. For the
wavelengthversus temperaturecurves shown below, the
heat-sinktemperaturewasvaried in a rangeof 40 K.

a!Presentaddress:Xerox PaloAlto Res.Center,PaloAlto, CA 94304.
Two different typesof devices,with nominally thesame
structure,were examined.The first had a relatively low
thresholdcurrentdensity(Jth51.6 kA/cm2! andan assumed
uniform temperaturedistribution acrossthe devicewhereas
the second had a higher threshold current density (Jth
53.3 kA/cm2! anda gainsectionwhich heatedupmorerap-
idly than the Bragg reflector. The difference in threshold
currentwasdueto a betteroverlapof thegainpeakwith the
Braggreflectionpeak,basedonprocessingvariations,for the
former devicesthan for the latter. Figure 1 showsthe tem-
peraturetuning characteristicof a low-Jth laser,exhibiting
normalmodehopstowardslongerwavelengthswith increas-
ing temperature.Betweenthemodehops,a continuoustun-
ing towardslongerwavelengthsat a rateof 0.058nm/K was
seen.In contrast,Fig. 2 showsthetuningbehaviorof a high-
Jth laser,with modehopstowardsshorterwavelengths.Be-
tween the mode hops, continuoustuning towards longer
wavelengthsat a rateof 0.087nm/K wasobserved.Theav-
erage temperaturetuning rate over all mode hops was
roughly the samein both devices;its value of 0.07 nm/K
correspondedto thetemperaturetuningrateof theunpumped
Braggreflectorsection.In thefollowing, wederiveanexpla-

FIG. 1. Wavelengthvs temperaturecurveof a low-Jth DBR laserwith mode
hopstowardsthe longerwavelengthside.



nation for thesetwo different manifestationsof temperature
tuning.

To qualitativelyexplaintheoccurrenceof the two types
of mode hops, we can use the schematicplot of Fig. 3.
Shownasa function of wavelengtharethe threeparameters
which definethe positionof the lasingmode:the Braggre-
flection peakof theDBR section(lBragg), thematerialgain
peak(lg), and longitudinalmodeswhich satisfy the phase
conditionin the lasercavity (lmode). Thedevicewill laseat
the wavelengthat which the product of all three of these
termsis maximum.All threeparametersaretemperaturede-
pendent, moving at rates of dlg /dT, dlBragg/dT, and
dlmode/dT, as will be shownbelow.

If, at a certain temperature,the gain peaklg is on the
long wavelengthsideof theBraggpeaklBragg, the longest-
wavelengthlongitudinalmodelmodewithin theBraggcurve
will lase.If the temperatureis increased,the fastermoving
gain peak (dlg /dT50.25 nm/K! will remainon the long-
wavelengthsideof theslowermovingBraggreflectioncurve
(dlBragg/dT50.07nm/K!. If thetemperatureof thedeviceis
uniform, the Braggpeakmovesslightly fasterthan the lon-
gitudinalmodes;if, on theotherhand,thegainsectionheats
morerapidly thanthe gratingsectiondue,for example,to a
high seriesresistanceacrossthedevice,thenthe longitudinal

FIG. 2. Wavelengthvs temperaturecurve of a high-Jth DBR laser with
modehopstowardsthe shorterwavelengthside.

FIG. 3. Schematicrepresentationof the temperaturedependenciesof semi-
conductorgainpeak,Braggpeak,andallowedlongitudinalmodesin a two-

sectionDBR laser.
modescanmovefasterthantheBraggpeak.In thefirst case,
a longerwavelengthmodewill eventuallyhavethe highest
gainastemperatureis increased;in thesecondcase,ashorter
wavelengthmodewill eventuallyhavehighergain andlase.

To seethisexplicitly, wewill calculatethedifferenttem-
peraturetuning ratesof Braggpeak,gain peak,andlongitu-
dinal modes using simple models for the wavelength-
dependentshapeof theseparameters.TheBraggreflectance
curve,R(l,T), canbe representedas7

R~l,T!5U 2 ik•sinh~SL!

S•cosh~SL!1 iDb•sinh~SL!
U2 ~1!

with L beingthe grating length,S5Ak22(Db)2 and
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In theseexpressions,typical numericalvaluesareneff53.4,
lBragg5820 nm, dlBragg/dT50.07 nm/K, L5100 mm, and
k5350 cm21.

The tuningrateof theBraggpeakcanthenbeexpressed
as
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which usesthewavelength-dependenteffectivemodalindex,
neff(l), including the dispersionterm,given by

neff~l!5neff2l•
]neff
]l

~4!

where neff is the effective modal, or group, index at the
Bragg resonancewavelength.Using the measuredtempera-
ture dependence of the Bragg wavelength,
dlBragg/dT50.07 nm/K, the Bragg wavelength, lBragg

5820 nm, and the wavelengthderivative of the effective
modal index, ]neff(l)/]l527.531024 nm21, we cancal-
culate the temperaturedependenceof the effective modal
index in the Bragg section to be ]neff /]T523.431024

K21 ~Ref. 8!.
In agreementwith measuredgain spectra,9 we assumea

simpleparabolicwavelengthdependencefor the dimension-
lessgain spectrum

g~l,T!5g01g1•S l2lg2
dlg

dT
•TD 2 ~5!

using g051.5, g152531023 nm21, lg5827 nm, and
dlg /dT50.25nm/K.

Finally, thewavelengthof the lasinglongitudinalmode,
lmode, is definedby thesatisfiedphaseconditionin the laser
cavity and is qualitativelyanalogousto a Fabry-Perotmode
in a cavity with onewavelength-selectivemirror. To model
the distributionof allowed longitudinalmodes,we definea
seriesof 30evenlyspaceddeltafunctions,whosewavelength
positionsfulfill the phaseconditionswithin the lasercavity,
namely

f~l,T!5 (
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For Eq. ~6!, we usedlFP5820 nm, DlFP50.17 nm, and
dlFP/dT50.057nm/K for low-Jth DBR laserswith a 500
mm long gain section, and DlFP50.13 nm and
dlFP/dT50.088 nm/K for high-Jth DBR laserwith a 750
mm long gain section.

Thepositionof eachlmodeshiftsdueto carrierinjection,
usuallyat a slightly lower ratethantheBraggpeak.Accord-
ing to Suematsu,10 the temperaturedependenceof the lasing
wavelengthis describedby
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In this expression,lmode5820 nm is the wavelengthof the
lasinglongitudinalmode,l5500mmdefinesthegainsection
length,Leff5100mm is the effectivegratingsectionlength,
] n̄eff /]T5]neff /]T53.431024 K21 are the temperature
dependenciesof the effectivemodal indices in the pumped
and the DBR section, respectively, and in addition,
] n̄active/]N520.6310220 cm23 ~Ref. 11! standsfor the
carrier dependenceof the active region refractive index,
dNth /dT5331016 cm23 K21 ~Ref. 10! is the temperature
dependenceof the thresholdcarrier density,G50.4 repre-
sents the confinementfactor of the waveguidecore, and
n̄eff(l)54.05 and neff(l)54 are the dispersion-corrected
effectivemodal indicesof the gain and the Bragg section,
respectively.

Central to our model is the parametere, which repre-
sentsan empirical overheatfactor for the pumpedregion.
This factor is definedas the ratio betweenthe temperature
increases of the gain and DBR sections, hence
e5DTgain/DTBragg. Usingvaluesof e51 for a low-Jth DBR
laserande51.6 for a high-Jth device,we cancalculatetwo
different temperature tuning rates for low-Jth lasers
(dlmode/dT50.057 nm/K! and high-Jth lasers
(dlmode/dT50.088nm/K!.

Using thesethreemodels,we cannow calculatethe las-
ing wavelengthof the DBR laserasa function of tempera-
ture for the two typesof devices.The laseremissionwave-
length is given by the maximum of the function
G(l,T)5g(l,T)•R(l,T)•f(l,T), which is the productof
gaincurve,g(l,T), DBR reflectance,R(l,T), andthephase
condition, f(l,T). The different temperaturetuning rates
were taken from Eqs. ~3! to ~7!. The resultanttemperature
tuning characteristicsareshownin Fig. 4 for both kinds of
DBR lasers.The low Jth deviceexhibitsmodehops to the
longer wavelengthside every 11 K, whereasthe high Jth
deviceshowshopstowardsshorterwavelengthsevery9 K,
in goodagreementwith the experiments.

Furthercorroborationfor the presentedexplanationwas
given by the low T0 values measuredfor devices with
anomalousmodehops(T05100K!, but higherT0 valuesfor
lasersshowing only normal modal behavior(T05160 K!;
we recall that the differencebetweenthe two deviceswas
basedon a betteroverlapof the gain peakwith the Bragg

reflection peak for the latter devicesthan for the former.
Sincetheemissionwavelengthof a two sectionDBR laseris
determinedby the Bragg resonance,a misplacedgain peak
on the long wavelengthside resultsin an increasingwave-
length mismatchunder temperatureincreaseand therefore
substantiallydecreasinggain for the lasingmode.This de-
caying gain has to be overcomeby harder pumping and
hencemore heatingof the gain section.Consequently,the
describedoverheating~e.1! typically occursin DBR lasers
with lg2lBragg. 5 nm.Dueto thismismatch,wealsomea-
suredmuchhigherthresholdcurrentdensitieson theselasers
thanon thosewith lg5lBragg andnormalheating~e51!.

In conclusion,we have presenteda model explaining
modehopsto both longerandshorterwavelengthswith in-
creasingtemperaturefor DBR lasers.The centralparameter
in this model is the empiricaloverheatfactor,e, of the gain
section.Anomalousmodehops,to shorterwavelengths,are
possiblydueto nonuniformheatingof thegainandreflector
sections.
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