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Anomalous longitudinal
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mode hops in GaAs/AlGaAs distributed

Bragg

We investigatenormaland anomaloudongitudinalmodehopsin GaAs/AlGaAs-basedistributed
Braggreflector(DBR) lasersanomalousnodehopsaredefinedasthosewhich movetowardshorter
wavelengthswith increasingtemperature which is unexpected.The two-section DBR lasers
discussedn this letter, consistingof a gain sectionand an unpumpedBragg reflector, typically
exhibit one modehop in a 10 K temperatureange.Although the longer wavelengthmodesare
expectedto start lasing when raising device temperature,occasionalmode hops to a shorter
wavelengthareseen We derivea modelfor temperature-dependewavelengthtuning, with which
the overheatingof the gain sectionis describedempirically. This model allows an accurate
numerical simulation of both kinds of temperature-inducetbngitudinal mode hops.

Semiconductor-basedistributedBragg reflector (DBR)
lasersare high-performancdight sourcesusedin many ap-
plications and are particularly attractive for their spectral
properties.The tuning of emissionwavelengthwith current
or temperatureés oftena desirableeaturefor the useof DBR
lasersin sensor-? time standard or relatedapplications;a
parametepof interestis the achievableuning rangebetween
longitudinalmodehops.Although the tuning behavioris, in
general, well understood, a detailed examinationof the
spectralshift with temperaturerevealsunexpectedeatures
requiring deeperstudy.

In this letter, we examinethe temperaturevavelength
tuning of GaAs/AlGaAs-basedBR lasersin detail and
demonstratethe existenceof both normal and anomalous
modehops.The anomaloushehavior,namelymodehopsto
shorterwavelengthswith increasingemperaturehasnot yet
beendescribedor DBR lasersin the near-IRspectralregion.
Similar results were obtainedseveralyearsago on far-IR
Pb,_,SnsSe/Ph_,_,Eu,SnSe DBR laser diodes®> We de-
rive a simpleempiricalmodelusinga non-uniformtempera-
ture distribution along the gain and the DBR sectionof the
deviceto describeboth the normalandanomalousehavior,
using this to predict under what circumstancesanomalous
behavioris expected.

The DBR lasersunder investigationwere single quan-
tumwell (QW) deviceswith 800 nm thick Al §Ga, JAs clad-
ding layersanda 170 nm thick Al :Ga, 7As waveguidecore
with a 7 mm thick GaAs QW. They employeda single-
growth-step processingtechnology as has been described
previously® The pumpedgain sectionsof thesedeviceswere
either500 or 750 um long, with Bragg reflectorlengthsof
100 um. The coupling coefficient, x, of the DBR grating
was determinedby a stopband-widthmeasuremenbf the
subthresholdaserspectrumyyielding a value of 350 cm™ 2.
All deviceswere testedunder cw conditions,in bar form,
andat roomtemperaturegduring measurementhe barswere
placedepitaxial side up on an aluminumheatsink. For the
wavelength versus temperaturecurves shown below, the
heat-sinktemperaturevasvariedin a rangeof 40 K.
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Two differenttypesof deviceswith nominallythe same
structure, were examined. The first had a relatively low
thresholdcurrentdensity (J;,=1.6 kA/cm?) andan assumed
uniform temperaturalistribution acrossthe device whereas
the second had a higher threshold current density (J,
=3.3kA/cm?) anda gain sectionwhich heatedup morerap-
idly than the Bragg reflector. The differencein threshold
currentwasdueto a betteroverlapof the gain peakwith the
Braggreflectionpeak,basedn processingariations for the
former devicesthan for the latter. Figure 1 showsthe tem-
peraturetuning characteristicof a low-Jy, laser, exhibiting
normalmodehopstowardslongerwavelengthsvith increas-
ing temperatureBetweenthe modehops,a continuoustun-
ing towardslongerwavelengthsat a rate of 0.058nm/K was
seenln contrastfig. 2 showsthe tuning behaviorof a high-
Jin laser,with mode hopstowardsshorterwavelengthsBe-
tween the mode hops, continuoustuning towards longer
wavelengthsat a rate of 0.087nm/K wasobservedThe av-
erage temperaturetuning rate over all mode hops was
roughly the samein both devices;its value of 0.07 nm/K
correspondetb thetemperatureéuning rateof theunpumped
Braggreflectorsection.In the following, we derivean expla-
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FIG. 1. Wavelengthvs temperatureurveof alow-J, DBR laserwith mode
hopstowardsthe longerwavelengthside.
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FIG. 2. Wavelengthvs temperaturecurve of a high-J;, DBR laser with
modehopstowardsthe shorterwavelengthside.

nation for thesetwo different manifestationf temperature
tuning.

To qualitatively explainthe occurrenceof the two types
of mode hops, we can use the schematicplot of Fig. 3.
Shownasa function of wavelengtharethe threeparameters
which definethe position of the lasing mode:the Braggre-
flection peakof the DBR section(\g,49, the materialgain
peak(\y), and longitudinal modeswhich satisfy the phase
conditionin the lasercavity (A 049 - The devicewill laseat
the wavelengthat which the product of all three of these
termsis maximum.All threeparametergaretemperaturele-
pendent, moving at rates of d\g/dT, dAg,g/dT, and
A\ mog/d T, as will be shownbelow.

If, at a certaintemperaturethe gain peak\ 4 is on the
long wavelengthside of the Bragg peak\ gragq, the longest-
wavelengthlongitudinalmode X\ ,o4e Within the Braggcurve
will lase.If the temperaturds increasedthe fastermoving
gain peak (d\4/dT=0.25 nm/K) will remainon the long-
wavelengthsideof the slowermoving Braggreflectioncurve
(d\gragg/dT=0.07nm/K). If thetemperaturef thedeviceis
uniform, the Bragg peakmovesslightly fasterthanthe lon-
gitudinal modes;if, on the otherhand,the gain sectionheats
morerapidly thanthe grating sectiondue,for exampleto a
high seriesresistancecrosghe device,thenthelongitudinal
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FIG. 3. Schematiaepresentationf the temperaturelependenciesf semi-
conductorgain peak,Braggpeak,andallowedlongitudinalmodesin a two-
sectionDBR laser.
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modescanmovefasterthanthe Braggpeak.In thefirst case,
a longer wavelengthmodewill eventuallyhavethe highest
gainastemperaturés increasedin the secondcase a shorter
wavelengthmodewill eventuallyhavehighergainandlase.

To seethis explicitly, we will calculatethe differenttem-
peraturetuning ratesof Bragg peak,gain peak,and longitu-
dinal modes using simple models for the wavelength-
dependenshapeof theseparametersThe Braggreflectance
curve,R(\,T), canbe representeds’

—ik-sinh(SL) |2

ROV =S cosiSD + 1A 8- sini(SD)| @
with L beingthe gratinglength, S= J«x?— (A8)? and
1 1
AB=2mNgx| —— 2
B eff )\ d)\Bragg ( )
)\Bragg+ aT T

In theseexpressionstypical numericalvaluesare n 4= 3.4,
Ngragg= 820 Nm, dA g4/ dT=0.07 nm/K, L=100 um, and
k=350cm™ L.

Thetuning rateof the Braggpeakcanthenbe expressed
as

d)\Braggz )\Bragg ] aneff
dT  ne(N) T

which usesthe wavelength-dependeeffectivemodalindex,
New(A), including the dispersionterm, given by
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where ng; is the effective modal, or group, index at the
Bragg resonancevavelength.Using the measuredempera-
ture  dependence of the Bragg wavelength,
O\ gragg/dT=0.07 nm/K, the Bragg wavelength, Agagq
=820 nm, and the wavelengthderivative of the effective
modalindex, dngg(\)/IN=—7.5x10"* nm~%, we cancal-
culate the temperaturedependencef the effective modal
index in the Bragg sectionto be dngs/dT=—3.4x10 *
K1 (Ref. 9.

In agreementvith measuredjain spectra, we assumea
simple parabolicwavelengthdependencéor the dimension-
lessgain spectrum

drg _\2
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g\, T)=do+091-

using go=1.5, g;=—5x10"3 nm™%, \;=827 nm, and
d\y/dT=0.25nm/K.

Finally, the wavelengthof the lasinglongitudinalmode,
Mmode 1S definedby the satisfiedphaseconditionin thelaser
cavity andis qualitatively analogougo a Fabry-Peroimode
in a cavity with one wavelength-selectivenirror. To model
the distribution of allowed longitudinal modes,we definea
seriesof 30 evenlyspacedieltafunctions,whosewavelength
positionsfulfill the phaseconditionswithin the lasercavity,
namely

15 A\ e

SdNT)= X S N—Agp—M-ANgp— ——T|. (6)
m=-15 daT



For Eq. (6), we used\gp=820 nm, ANp=0.17 nm, and
d\gp/dT=0.057 nm/K for low-J;, DBR laserswith a 500
pum long gain section, and AAp=0.13 nm and
d\gp/dT=0.088 nm/K for high-J, DBR laserwith a 750
pm long gain section.

The positionof eachh .4 Shifts dueto carrierinjection,
usuallyat a slightly lower ratethanthe Braggpeak.Accord-
ing to Suematsd® the temperaturelependencef the lasing
wavelengthis describedby
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In this expression\ 4= 820 nm is the wavelengthof the
lasinglongitudinalmode,l =500 um definesthe gainsection
length, L¢= 100 um is the effective grating sectionlength,
Nl IT=0Ng/ IT=3.4X10 4 K1 are the temperature
dependenciesf the effective modal indicesin the pumped
and the DBR section, respectively, and in addition,
M qeivel IN=—0.6xX10"2° cm™3 (Ref. 11) standsfor the
carrier dependenceof the active region refractive index,
dNg/dT=3x10% cm3 K™! (Ref. 10) is the temperature
dependencef the thresholdcarrier density, '=0.4 repre-
sentsthe confinementfactor of the waveguidecore, and
Ne(N)=4.05 and ng4(N) =4 are the dispersion-corrected
effective modal indices of the gain and the Bragg section,
respectively.

Centralto 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
€= AT gain/ ATgragg. Usingvaluesof e=1 for alow-Jy, DBR
laserand e=1.6 for a high-Jy, device,we can calculatetwo
different temperature tuning rates for low-Jy, lasers
(0N og/dT=0.057 nm/K) and highJy,, lasers
(d\ o/ dT=0.088nm/K).

Using thesethreemodels,we cannow calculatethe las-
ing wavelengthof the DBR laseras a function of tempera-
ture for the two typesof devices.The laseremissionwave-
length is given by the maximum of the function
G\, T)=g(N,T)-R(N,T)- (N, T), which is the productof
gaincurve,g(\,T), DBR reflectanceR(\,T), andthe phase
condition, ¢(\,T). The different temperaturetuning rates
were takenfrom Egs. (3) to (7). The resultanttemperature
tuning characteristicare shownin Fig. 4 for both kinds of
DBR lasers.The low Jy, device exhibits mode hopsto the
longer wavelengthside every 11 K, whereasthe high Jy,
device showshopstowardsshorterwavelengthsevery 9 K,
in good agreementvith the experiments.

Furthercorroborationfor the presentedexplanationwas
given by the low T, values measuredfor devices with
anomalousnodehops(Ty= 100K), but higherT, valuesfor
lasersshowing only normal modal behavior (Ty= 160 K);
we recall that the difference betweenthe two deviceswas
basedon a betteroverlap of the gain peakwith the Bragg
reflection peak for the latter devicesthan for the former.
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FIG. 4. Calculatedwavelengthvs temperaturecurvesof low-Jy, and high-
Jin DBR lasers.

Sincethe emissionwavelengthof a two sectionDBR laseris
determinedby the Bragg resonancea misplacedgain peak
on the long wavelengthside resultsin an increasingwave-
length mismatch under temperatureincreaseand therefore
substantiallydecreasinggain for the lasing mode. This de-
caying gain hasto be overcomeby harder pumping and
hencemore heatingof the gain section. Consequentlythe
describedoverheating(e>1) typically occursin DBR lasers
With Ag—Agragg> 5 NM. Dueto this mismatchwe alsomea-
suredmuchhigherthresholdcurrentdensitieson theselasers
thanon thosewith \ ;= \pgaqg andnormalheating(e=1).

In conclusion,we have presenteda model explaining
modehopsto both longer and shorterwavelengthswith in-
creasingtemperaturdor DBR lasers.The centralparameter
in this modelis the empirical overheatfactor, €, of the gain
section.Anomalousmodehops,to shorterwavelengthsare
possiblydueto nonuniformheatingof the gain andreflector
sections.
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