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Continuous-wave distributed-feedback quantum-cascade lasers on a Peltier
cooler
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Continuous-waveoperationof l;9 mm distributed-feedbackquantum-cascadelasersis reportedup
to a temperatureof 260K. Single-frequencyemissionwith asidemodesuppressionratioof >27dB
andwith a tuning rangeof 5 cm21 between200 and245 K ~a tunability of 20.078cm21/K and
20.764cm21/W) is obtained for the junction-down mounted buried heterostructuredevices.
Uncoatedlasersdisplayanoutputpowerof up to 18 mW at 180K andstill 1 mW at 250K. Lasers
with high-reflectioncoatedfacetscould be operatedup to 260 K.
Theability to matchtheemissionfrequencyof quantum-
cascade~QC! lasersto the fundamentalabsorptionbandsof
moleculartracegasspeciesin the midinfraredoffers an at-
tractiveoption for gassensingapplications.In addition,this
type of semiconductor laser recently demonstrated
continuous-wave~cw! operationat room temperaturewith
outputpowersof somemilliwatts1 indicatingits potentialfor
compact,sensitiveand highly selectivesensorsystems.QC
laserswith an incorporateddistributedfeedback~DFB! grat-
ing areof particularinterestto mosthigh-resolutionspectros-
copy applicationsrequiring tunable single-frequencylight
sourceswith a narrowlinewidth. Up to now, cw operationof
DFB QC laserswas reportedin the wavelengthrangefrom
l54.6–11.8mm2–6 for temperatures<120K. Gassensing
applicationssuch as absorptionspectroscopyof NO and
NH3

7 or tracegasanalysis8,9 would potentiallybenefitfrom
compactDFB QC sourcesoperatingin cw modeat noncryo-
genic temperatures.

In this letter, we reporttherealizationof first orderDFB
QC laserswith cw operationon a thermoelectriccoolerat an
emissionfrequencyof n;1115cm21. The lasersare based
on a double-phononresonanceactiveregion10 andfabricated
asnarrowstripe,planarized,buriedheterostructuredevices11

in which the active region is vertically and laterally sur-
roundedby InP allowing heatextractiontowardsall sidesof
the active region.Our laserstructureis identical to the one
describedin Ref. 1; fabricationand mountingof the lasers
followed the sameprocedureas describedthereinwith the
differenceof the additionalDFB grating.Figure1~a! shows
schematicallya junction-downmountedQC laser with the
DFB grating etchedinto the upper InGaAs layer on top of
theactivelasercorebeforeregrowthof theInP top cladding.
The DFB grating with a period of L51.43mm was holo-
graphically defined and etched in the InGaAs waveguide
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layerwith thesolutionH3PO4:H2O2:H2O ~2:4:6! to a depth
of 180 nm. The top width of the laser stripe is somewhat
narrowerthanpreviouslypublishedbut thelaserridgeexhib-
its a strongtrapezoidalshape~6–8mm on top andmorethan
18 mm on the bottomof the activeregion,asmeasuredwith
an optical microscope!. This trapezoidalshapeis due to the
heavelyagedwet etchantresulting in inhomogeneousetch
rates~laterallyandvertically! of thedifferentconstituantma-

FIG. 1. ~a! Schematicview of the junction-downmountedQC–DFB device
solderedonadiamondplatelet.Thelaterali -InPlayerwaspartially removed
to showthe DFB gratingetchedin the InGaAswaveguidelayer. ~b! Com-
putedtransversefundamentalmodeprofile in a modeamplitudescaleusing
a trapezoidalshapefor the activeregion.
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terials.Figure1~b! showsthecomputedtransversemodepro-
file usinga commercialbeam-propagationsoftware.12 Using
the trapezoidalshapeof the active region, the refractivein-
dex andthe overlapfactor resultingfrom the calculationare
respectivelyneff53.18andG546%.

To enablea large temperaturetuning range,laserswere
mountedon the cold finger of a N2-flow cryostat.The light
from the facetwascollectedby a f /0.8 opticsandtheoutput
power was measuredwith a calibratedthermopiledetector.
Figure 2 showsvoltage bias and cw optical output power
collectedfrom one facet of a 1.5 mm long junction-down
mountedDFB laser. The laser emitted 18 mW of optical
power and exhibited a thresholdcurrent of 400 mA and a
slope efficiency dP/dI of 78 mW/A at T5180 K. The
thresholdcurrentincreasedup to 730 mA for the maximum
operatingtemperatureof T5250 K for continuouswaveop-
eration,while theopticalpowerwasstill 0.6mW at 790mA.

Theemissionof thelasercanusuallybetunedby chang-
ing eithercurrentor temperature.A seriesof cw spectrawas
collected using a high-resolution (0.125cm21) Fourier-
transforminfrared spectrometerand a deuteratedtriglycine
sulphatedetector. Single-modeemissionwasobservedwith a
sidemodesuppressionratio ~SMSR! of >27dB for theentire
investigatedtemperatureandcurrentrangeasshownin Fig.
3. The full width at half maximum is narrower than
0.125cm21, limited by the spectrometerresolution. The
emissionspectrameasuredat a constantinjection currentof
680 mA andat different temperaturesbetween180 and245
K revealed a linear tuning of the center frequency
from 1116.80 to 1113.63cm21 with the tuning coefficient
(1/n)(Dn/DT) 526.9831025 K21. The refractive index
deducedusingthe BraggwavelengthlB andextrapolatedto
room temperature using this tuning coefficient is neff

5lB/2L 53.14. The differencewith the theoreticalvalueof
neff53.18 calculatedwith the software is attributed to an
uncertaintyin the refractive index of eachindividual layer
and the evaluationof the Bragg wavelength.At a constant
temperatureof 203 K, the emissionfrequencyshifts from
1118.48to 1116.80cm21 for variousdrive currentsranging
from 500 to 680 mA with a linear tuning coefficient of
Dn/DP520.764cm21 W21. Sincethe emissionfrequency
is a functionof thetemperature~which changestheaveraged
refractive index across the entire laser structure!, we
can deducea thermal resistanceRth of the device with

FIG. 2. Voltageand optical power vs currentof a 1.5 mm long uncoated
DFB laseroperatedin cw modeat variousheatsink temperaturesbetween
180 and250 K.
the above tuning coefficients using Rth5DT/DP
5 Dn/DP •(Dn/DT)21 andfind Rth59.8 K/W.

In pulsedmode at low duty cycle, heatingeffects are
negligible.In cw operation,however, the activeregiontem-
peratureTact is much higher than the heatsink temperature
Tsink due to the high heat dissipationduring lasing action;
Tact canbe relatedto the heatsink temperatureby the ther-
mal resistanceRth , the voltageU and the thresholdcurrent
I th with Tact5Tsink1U•I th•Rth . Following the model de-
rived in our previousarticle,1 the temperaturedependenceof
the cw thresholdcurrentcanthenbe predictedfrom the one
measuredin pulsedmode. The result of this procedureis
displayedin Fig. 4. The small discrepancybetweenthe cal-
culated cw threshold current and the calculatedcurve is
probablydueto thestrongtrapezoidalshapeof thelaser. The
effective index of the optical modesdependson a weighted
averageof thetemperaturesof thewholestructure~including
claddings!, whereasthe threshold current density will be

FIG. 3. Seriesof high resolutioncw spectraof the 1.5 mm long uncoated
DFB deviceasa function of the temperature(T5203, 212, 219, 225, 232,
239,and245K! at a constantdrive currentof 680mA ~blackcurves! andas
a function of variousdrive currentsrangingbetween500 and 680 mA in
stepsof 30 mA at a constanttemperatureof 203K ~graycurves!. Thecurves
arenormalizedto the emissionspectrummeasuredat 203 K, 680 mA. We
deducedthe two linear tuning coefficientsDn/DT520.078cm21/K and
Dn/DP520.764cm21 W21.

FIG. 4. Thresholdcurrentas a function of heatsink temperature.The ex-
perimental pulsed data ~open squares! are fitted by the relation I th5I 0

•exp(Tact/T0), with a characteristic temperature T05164 K and I 0

599 mA ~lower solid line!. Solid circlesrepresentexperimentalcw thresh-
old currents.The upper solid line is the dependenceof the cw threshold
currentasa function of the heatsink temperaturecomputedfrom the ther-
mal model.
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controlledby the activeregiontemperatureonly. For sucha
shape,this makesthe effective thermalresistanceof the de-
vice higher than the one extractedfrom the spectra.More-
over, narrowstripeswill potentiallyleadto anincreaseof the
top contactresistanceandto leakagecurrents.Theseeffects
canalsoexplaintheslightly worsetemperaturebehaviorand
the higher voltagebias of the DFB laserscomparedto the
Fabry–Pérot ~FP! lasersfabricatedwith the sameepilayer.1

In Fig. 5 are displayedsubthresholdcontinuous-wave
luminescencespectraof the samedevice at 180, 200, and
220K. Theenvelopof theFabry–Pérot frangesis centeredat
about1116cm21 with a spacingof the Fabry–Pérot modes
of 0.98cm21. The Bragg reflector’s stopband width is
D(1/l)51.19cm21 and locatedat 1120.3 ~180 K!, 1119.0
~200K!, and1117.2cm21 ~220K!. This allowsusto deduce
a grating coupling coefficient of k5Dlpneff /l

2

512 cm21, using the experimental value of neff53.14.
Basedon the modal refractive index differenceDneff51.1
31022 ~calculatedusing the beam-propagationsoftware!,12

we obtain k5Dneffp/2l519 cm21. The higher calculated
valuecanbe attributedto nonidealtrapezoidalgratingshape
with lessthan50%duty cycle.With the lengthof thedevice
(L51.5 mm), we get kL51.8 correspondingto a good
single-modeoperationefficiencyanda SMSRof 30 dB 13 as
obtainedexperimentally.

Becauseof the trapezoidalcross-sectionof the laser
ridge, normalizationof the usual laser parameterssuch as
thresholdcurrentdensityperunit areais somewhatarbitrary.
As a comparison,the FP lasersfrom the sameepilayer,1 us-
ing the samemountingand fabricationprocedure,exhibit a
linear dependentthresholdcurrentwith laserwidth between
12 and 28 mm. The thresholdcurrentof the DFB laser re-
portedhereis comparableto a laserof 9–10 mm width ac-
ceptingsucha linear behavior. But assumingthe electrical
scalingof the currentdensityversusthe voltagecurveswith
theFPlasers,thewidth of theDFB laseris estimatedto 6–7
mm, which actually correspondsto the top active region

FIG. 5. Subthresholdcw luminescencespectraat 180,200,and220K. The
curvesarevertically displacedfor clarity.
width. The higherthresholdcurrentcanbe explainedby the
reducedoverlap factor G ~46%! of the strong trapezoidal
shape~seeearlier! comparedwith the FP lasers(G556%).
Finally, supposinganidenticalthermalconductanceasfound
for the FP lasers@Gth5574 W/(K cm2)#, the thermalresis-
tanceof theDFB laser(Rth59.8 K/W) givesa laserwidth of
11–12 mm. This higher value can be attributedto a large
contactareabetweenthe active region and the lateral InP
regrowthresultingin a higherheatdissipation.

To reducethresholdcurrent and to increaseoperating
temperatures,another1.5 mm long DFB device was facet
coated after soldering with a high-reflection pair of
Al2O3 /Ge layers ~about1.3 and 0.6 mm, respectively!, re-
sulting in a facet reflectivity of R;0.86. Under pulsedop-
eration, threshold current at room temperaturedecreased
from 690mA for theuncoateddeviceto 620mA afterback-
facetcoatinganddown to 530 mA for the samedevicewith
both facetscoated.Undercw operationat 200 K, the back-
facet coateddeviceshowedlasing action abovea threshold
of 465 mA and emitted 30 mW of optical power at I
5740 mA. The correspondingvalues of the double-side
coated device are I th5395mA and Popt56 mW at I
5720 mA undertheseoperatingconditions.The maximum
cw operatingtemperatureof the single-sidecoateddevice
was245 K with Popt53 mW, whereasthe devicewith back
and front facetcoatingcould be operatedup to 260 K with
sometensof mW at I 5870 mA.

In conclusion,we have demonstratedcontinuouswave
single-modeoperationof buriedheterostructureDFB QC la-
sersat temperatureseasilyreachablewith a Peltiercooler.
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