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Long-wavelength „lÉ16 mm…, room-temperature, single-frequency
quantum-cascade lasers based on a bound-to-continuum transition

Michel Rochat,a) Daniel Hofstetter, Mattias Beck,b) and Jérôme Faistc)

Instituteof Physics,Universityof Neuchaˆtel, CH-2000Neuchaˆtel, Switzerland

Room-temperatureoperationof long-wavelength,Fabry–Perotand single-modequantum-cascade
lasersat l'16mm is reported.Multimode emissionwith pulsedpeakpower up to 400 mW at
240°C and220mW at 30°C is demonstrated.Single-modeemissionup to 60 mW peakpowerhas
beenachievedat 30°C.
The QuantumCascade~QC! laser1 is a unipolar semi-
conductorlaser that hasdemonstratedhigh performancein
pulsedoperationin themid-infraredwavelengthrange~4–12
mm!. Therehasbeena large effort to developsuchdevices
for evenlongerwavelengths.Thesesourceswould be espe-
cially valuablefor thedetectionof largeorganichydrocarbon
moleculeslike theBTX compoundsin the12–16 mm region
or for radio-astronomyaslocal oscillatorsin heterodynede-
tectors.

Devicesdesignedusingtheso-calledthreequantumwell
active region were demonstratedwith an operationwave-
length up to l'13mm.2 However, thesedevicesexhibited
fairly limited performanceswith a maximumoperatingtem-
peratureof Tmax5175K. Devicesbasedon chirpedsuperlat-
tice active regionsdemonstratedoperationat much longer
wavelengths,reaching 17, 19, 21 and finally up to l
'24mm.3–6 However, thesestructureswere limited to op-
erationtemperaturesbelow 200–240 K.

When trying to design long-wavelength quantum-
cascadelasers, for photon energies larger than the rest-
strahlen band, population inversion is more difficult to
achieveas the upper state lifetime decreaseswith emitted
photonenergy, dueto the dependenceof the optical phonon
scatteringrate on exchangedwave vector. The lower state
lifetime, on the other hand,remainspractically unchanged.
For this reason,andespeciallyif high temperatureoperation
is seeked,long-wavelengthQC lasersmustbedesignedwith
extremelyshortlower statelifetimes.Transportin wide mini-
bands,comparedwith the optical phononenergy, provides
efficient lower stateextractionmechanism.As the ‘‘bound-
to-continuum’’ designcombinesthe fastminibandextraction
from the lower state with the efficient resonanttunneling
injection into the upper state,7 this approachis very well
suitedfor long wavelengthlasers.

As shownschematicallyin Fig. 1, the active region of
our structure spans the whole period and consists of a
chirped superlattice presenting a tilted lower miniband
whosewidth is maximumin thecenteranddecreaseson both
sidescloseto theinjectionbarriers.Theupperstateis created
in the first minigapby a small well adjacentto the injection
barrier. Its wavefunction hasa maximumcloseto the injec-
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tion barrieranddecreasessmoothlyin theactiveregion.This
upperstateis well separatedfrom the higher-lying statesof
the superlattice,lying in its first minigapandthereforedoes
not needto be confinedby separatingthe structureinto an
active region and an injection/relaxationregion. The com-
putedupperstatelifetime tup50.68ps, is longerthantheone
tup50.55ps computedfor a chirpedsuperlatticeemitting at
l517mm.3 This is dueto theslightly diagonalnatureof the
lasertransitionwhich leadsto a reducedoverlapof theupper
and lower statewave functions and to a further improved
ratio of upperto lower statelifetimes.

In a bound-to-continuumdesign,the oscillator strength
is not concentratedin a singletransition,asis the casefor a
symmetricsuperlatticebut is instead‘‘spread’’ over two or
threestatesspanningan energy rangeof '20 meV.7 This is
in principlea disadvantageof this designasthepeakgain is,
in a simplifiedatomisticpicture,inverselyproportionalto the
linewidth of the transition.However, for devicesbasedon
multiquantumwell active region and optimized for room
temperatureoperation,the intersubbandtransitionsare any-
way collision broadenedto a width of 15–25 meV. Due to
the reducedoverlap betweenupper and lower laser state

FIG. 1. Schematicconductionbanddiagramof one stageof the structure
underan appliedelectricfield of 2.13104 V cm21. The moduli squaredof
the relevantwavefunctionsareshown.The layersequenceof oneperiodof
structure,in nanometers,left to right andstartingfrom the injection barrier
is 3.3/3.2/0.5/6.5/0.6/6.6/0.7/6.3/0.8/5.8/1.0/4.6/1.2/4.4/1.4/4.4/1.7/4.2/2.0/
4.1/2.2/4.0/2.5/3.8/ whereIn0.52Al0.48As layersarein bold, In0.53Ga0.47As in
Roman and underlinednumberscorrespondto the doped region ~Si, 3
31017 cm23!.
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wave function, the equivalentdipole matrix elementof the
lasertransition~averagedover the transitionsto the two up-
per statesof the lower miniband! is z54.0nm, lower than
the value obtained for a chirped superlattice sample z
55.0nm. The structurewasgrown by molecularbeamepi-
taxy usingInGaAsandAlInAs alloys lattice matchedon top
of a very low n-dopedInP substrate~Si, n5131017cm23!
and consist of a 45 period active region embeddedin an
optical waveguide.In contrastto the previousworks, where
extensiveuseof surfaceplasmonwaveguidewasmade,8 we
chose a waveguide design which relies on dielectric
confinement.9 It consists of two low doped ~Si, n56
31016cm23! InGaAs guiding layers, respectively, 600 and
1750 nm thick, grown below and abovethe active region.
Thecomputedwaveguideabsorptionat l516mm causedby
free carriers is a530cm21, neglecting the contributions
from multiphononprocesses.Electricalinjectionin thestruc-
ture is obtainedlaterally througha heavily dopedSi, n51
31018cm23! 600-nm-thick InGaAs n-doped contact layer.
The deviceswere processedin 50- to 75-mm wide mesa
ridge waveguidesusing wet chemical etching and a hard
bakedresist layer for passivation.Contactswere then pro-
videdby a Ti/Au metallization~10/400nm! on thetop edges
of the waveguides.Back contacting~Ge/Au/Ag/Au, 12/27/
50/100nm! the thinnedsubstrateendedthe processing.The
sampleswere then solderedwith indium on a copperheat
sink andmountedon a Peltiercoolerinsideanaluminumbox
with a ZnSewindow. The electricalpower was providedto
the laserswith a commercialpulsegenerator~Alpes Lasers,
TPG 128 pulser, and a LDD 100 power supply! delivering
25- to 50-ns-longcurrentpulsesat a variablerepetitionrate
up to 5 MHz. The optical output power was directly mea-
sured by a calibrated thermopile. Spectral measurements
wereperformedby a Fouriertransforminfraredspectrometer
in rapidscanmodeanda liquid-nitrogencooledMCT detec-
tor.

Typical L – I curvesfrom a 75-mm-wide and 1.6 mm-
long Fabry–Perotdeviceare shown in Fig. 2 for tempera-
turesrangingfrom 240 up to 60°C. The sampleis driven
with 25-ns-longcurrentpulsesanda duty cycleof 0.67%.At

FIG. 2. Opticaloutputpowervs injectedcurrentin pulsedmodewith a duty
cycle of 0.67% at various temperaturesfor a device with a Fabry–Perot
cavity. Thresholdcurrentdensity as a function of temperatureis shownin
the inset.
240°C the thresholdcurrentdensityis 6.7 kA cm22 with a
maximumaverageoutput power 2.8 mW leadingto a peak
powerof morethan400mW. At 60°C, the thresholdcurrent
density is 10 kA cm22 and the maximum output power is
measuredto be morethan1 mW. At 240°C, we achieveda
maximumoutputpowerof 5.5 mW with 3% duty cycle and
1.2 mW at 60°C ~1.5% duty!. At 240°C, the highest
achievedduty cycle was9.6%.A fit to the thresholdcurrent
densitydependencewith temperature~insetof Fig. 2! using
the usual expressionJ5J0 exp(T/T0) yields a value of T0

5234K. The emissionspectrumof this multimodedevice,
@Fig. 3~a!# consistsmainly of modesaround644 cm21 (l
'15.5mm). Howeverweakerfeaturesaround607 cm21 (l
'16.5mm) arealsovisible ~seearrow!. They showthat the
gain curve of the deviceis broad~more than 40 cm21! and
suggestthe possibility to force the device to lase in this
spectralregion.Dotted line abovethe spectrarepresentsthe
two-phononabsorptionof InP on a linear arbitrary scale.10

We clearly observea correlationbetweenthe minima of the
two phononabsorptionandthe lasingfrequenciesof our de-
vice. To demonstratethe possibility for our structureto lase
in two spectrallydistantregions,we haveprocessedtwo se-
ries of sampleswith gratingsetchedinto the waveguide11

with periods designed to force waveguide modes at l
'16.5mm and l'15.5mm. An effective refractive index
neff53.001 was usedto computethe gratingsperiodicities.
Figure3~b! displaysthe spectralmeasurementsfor 1.5-mm-
long and50-mm-wide sampleS2018D22with a gratingpe-
riod designedfor the l'16.5mm region. At 240°C, the
thresholdcurrentdensity is 7.0 kA cm22. Up to an average
power of P50.2mW, the emissionis single frequencyat
602 cm21 (l'16.6mm). However, as the driving currentis
increasedfurther, side modesaroundthe main peakat 602
cm21 build up andthe peakat 647 cm21 reappears.A maxi-
mum ~multimode! output power of 2.1 mW has been
achieved.With increasingtemperature,the peak redshifts
from 602 down to 600 cm21 (l'16.7mm) at 0°C. Results
from sampleS2018D34,with a shortergrating period, are
shownin Fig. 3~c!. At 240°C, theemissionpeakis centered
at 647cm21 with a thresholdcurrentdensityof 6.1kA cm21.
Furthermore,the emissionis single modeup to an injected
currentdensityof 8.7 kA cm21 with an output power of P
50.85mW ~64 mW peak! ~inset of Fig. 4!. Increasingthe

FIG. 3. ~a! Spectralemissionfrom a devicewith a Fabry–Perotwaveguide;
~b! with a gratingdesignedto forcethe lasingmodeat l'16.5mm, and~c!
with a gratingdesignedfor l'15.5mm.
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injection currentdensityup to 11 kA cm21 leadsto a satura-
tion of the outputpowerat 1.2 mW. At this currentdensity,
the emissionconsistsof a singlefrequencypeakaround647
cm21 anda small featureat 638cm21. Increasingfurther the
current, strongly increasesthe output power until a maxi-
mum of 1.75 mW is reached.At this stage,the emission
spectrais multimodeandcenteredat 646 cm21. At 130°C,
the emissionis single mode up to the device’s maximum
operationcapabilitieswith an averageoutput power of P
50.8mW at1.3%dutycycle.Thepeakis redshifteddownto
642 cm21 leadingto a temperaturetuning Dv/DT of 20.07
cm21 K21.

Measurementsdone on 750-mm-long structuresshow
that thespectralemissionis not singlemodeandsuggestthe
needfor a muchstrongergrating in order to achievesingle-
mode laser operation for such short cavities. Similarly,

FIG. 4. L – I curves with increasingtemperatureare shown for sample
S2018D34.Thesampleis processedinto a 2.250-mm-longand50-mm-wide
waveguide.Insetis thespectralemissionfrom sampleS2018D34plottedon
a logarithmicscale,showingthat the emissionis singlemodewith a maxi-
mum outputpower0.85mW at 240°C.
higher power output in single-modeoperation should be
achievedin the600cm21 regionwith deeperetchedgratings.

In conclusion,long wavelength16 mm quantumcascade
lasersaredemonstratedat room temperaturewith high peak
output power using a bound-to-continuumstructuredesign.
Peakmultimodeoutput power of more than 400 mW been
achievedat 240°C. At 60°C, the output power was still
more than 150 mW peak.We have also demonstratedthe
wide tuningpossibilitiesof thebound-to-continuumgainma-
terial aswe areableto forceour devicesto laseeitherat 15.5
or at 16.7mm with the samestructureby varying the period
of anetchedgratinginto thewaveguides.Thesearethelong-
estwavelengthsreportedfor a quantumcascadelaserat non-
cryogenictemperatures.Theselaserscouldenablethedevel-
opmentof portableBTX sensorsbasedon opticaltechniques.
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