Published in Applied Physics Letters 79, 4271-4273, 2001 1
which should be used for any reference to this work

Long-wavelength (A=16 um), room-temperature,
lasers based on a bound-to-continuum

guantum-cascade

single-frequency
transition
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Room-temperatureperationof long-wavelengthFFabry-Perotand single-modequantum-cascade
lasersat A=~16 um is reported.Multimode emissionwith pulsedpeak power up to 400 mW at
—40°C and220mW at 30°C is demonstratedSingle-modezmissionup to 60 mW peakpowerhas

beenachievedat 30°C.

The QuantumCascadgQC) laset is a unipolar semi-
conductorlaserthat has demonstratedhigh performancen
pulsedoperationin the mid-infraredwavelengttrange(4 —12
um). Therehasbeena large effort to developsuchdevices
for evenlongerwavelengthsThesesourceswould be espe-
cially valuablefor the detectionof large organichydrocarbon
moleculedike the BTX compoundsn the 12—-16 um region
or for radio-astronomyaslocal oscillatorsin heterodynede-
tectors.

Devicesdesignedisingthe so-calledthreequantumwell
active region were demonstratedvith an operationwave-
length up to A~13m.? However thesedevicesexhibited
fairly limited performancesvith a maximumoperatingtem-
peratureof T,,,,=175K. Devicesbasedon chirpedsuperlat-
tice active regionsdemonstratedperationat much longer
wavelengths,reaching 17, 19, 21 and finally up to A
~24um.3% However thesestructureswere limited to op-
erationtemperaturebelow 200-240 K.

When trying to design long-wavelength quantum-
cascadelasers, for photon enegies larger than the rest-
strahlen band, population inversion is more difficult to
achieveas the upper state lifetime decreasesvith emitted
photonenepy, dueto the dependencef the optical phonon
scatteringrate on exchangedwvave vector The lower state

lifetime, on the other hand,remainspractically unchanged.

For this reasonandespeciallyif high temperatureperation
is seeked|ong-wavelengtQC lasersmustbe designedwith

extremelyshortlower statelifetimes. Transportn wide mini-

bands,comparedwith the optical phononenepy, provides
efficient lower stateextractionmechanismAs the “bound-
to-continuum” designcombinesthe fast minibandextraction
from the lower state with the efficient resonanttunneling
injection into the upper state’ this approachis very well

suitedfor long wavelengthlasers.

As shownschematicallyin Fig. 1, the active region of
our structure spansthe whole period and consistsof a
chirped superlattice presenting a tilted lower miniband
whosewidth is maximumin the centeranddecreaseen both
sidescloseto theinjectionbarriers.The upperstateis created
in the first minigap by a smallwell adjacentto the injection
barrier Its wavefunction hasa maximumcloseto theinjec-
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tion barrieranddecreasesmoothlyin the activeregion.This
upperstateis well separatedrom the higherlying statesof
the superlatticeying in its first minigap andthereforedoes
not needto be confinedby separatinghe structureinto an
active region and an injection/relaxationregion. The com-
putedupperstatelifetime 7,,=0.68ps, is longerthanthe one
7.p=0.55ps computedfor a chirpedsuperlatticeemitting at
A=17um.2 Thisis dueto the slightly diagonalnatureof the
lasertransitionwhich leadsto a reducedoverlapof the upper
and lower state wave functions and to a further improved
ratio of upperto lower statelifetimes.

In a bound-to-continuundesign,the oscillator strength
is not concentratedn a singletransition,asis the casefor a
symmetricsuperlatticebut is instead'‘spread’ over two or
threestatesspanningan enegy rangeof ~20 me\.’ This is
in principle a disadvantagef this designasthe peakgainis,
in a simplified atomisticpicture,inverselyproportionalto the
linewidth of the transition. However for devicesbasedon
multiquantumwell active region and optimized for room
temperatureoperation,the intersubbandransitionsare any-
way collision broadenedo a width of 15-25 meV. Due to
the reducedoverlap betweenupper and lower laser state
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FIG. 1. Schematicconductionbanddiagramof one stageof the structure
underan appliedelectricfield of 2.1x 10* V cm™*. The moduli squaredof

the relevantwave functionsare shown.The layer sequencef one periodof

structure,in nanometersleft to right and startingfrom the injection barrier
is 3.33.20.56.50.6/6.60.7/6.30.85.8/1.04.6/1.2/4.41.44.40.7/4.22.00

4.1R2.2/4.02.593.8/ wherelng 5,Al g 4¢As layersarein bold, Ing 54G&, 4As in

Roman and underlined numberscorrespondto the doped region (Si, 3

X 10 cm™9).
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FIG. 2. Optical outputpowervs injectedcurrentin pulsedmodewith a duty
cycle of 0.67% at various temperaturedor a device with a Fabry-Perot
cavity. Thresholdcurrentdensity as a function of temperaturdés shownin
the inset.

wave function, the equivalentdipole matrix elementof the
lasertransition(averagedver the transitionsto the two up-
per statesof the lower miniband is z=4.0nm, lower than
the value obtained for a chirped superlattice sample z
=5.0nm. The structurewas grown by molecularbeamepi-
taxy usingInGaAsandAlInAs alloys lattice matchedon top
of a very low n-dopedInP substrate(Si, n=1x 10" cm3)
and consistof a 45 period active region embeddedn an
optical waveguideln contrastto the previousworks, where
extensiveuseof surfaceplasmonwaveguidewas made® we
chose a waveguide design which relies on dielectric
confinement. It consists of two low doped (Si, n=6
X 10%cm™®) InGaAs guiding layers, respectively 600 and
1750 nm thick, grown below and abovethe active region.
The computedvaveguideabsorptiorat A = 16 um causeddy
free carriersis a=30cm !, neglecting the contributions
from multiphononprocesse<Electricalinjectionin the struc-
ture is obtainedlaterally througha heavily dopedSi, n=1
x 10 cm™3) 600-nm-thick InGaAs n-doped contact layer.
The deviceswere processedn 50- to 75-um wide mesa
ridge waveguidesusing wet chemical etching and a hard
bakedresistlayer for passivation.Contactswere then pro-
vided by a Ti/Au metallization(10/400nm) on the top edges
of the waveguidesBack contacting(Ge/Au/Ag/Au, 12/27/
50/100nm) the thinnedsubstrateendedthe processingThe
sampleswere then solderedwith indium on a copperheat
sinkandmountedon a Peltiercoolerinsideanaluminumbox
with a ZnSewindow. The electrical powerwas 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 rapid scanmodeanda liquid-nitrogencooledMCT detec-
tor.

Typical L—1 curvesfrom a 75-um-wide and 1.6 mm-
long Fabry-Perotdevice are shownin Fig. 2 for tempera-
turesrangingfrom —40 up to 60°C. The sampleis driven
with 25-ns-longcurrentpulsesanda duty cycle of 0.67%.At

Wavelength [um]
172 16.7 16.1 152
T T -
@ ... 1‘ --*$2018D11
0C | |-0C
®) 1 52018D22
oC
<[
© 52018D34 1
T - PURE R N YU TR S .
580 600 620 640 60
Wavenumbers [cm1]

FIG. 3. (a) Spectralemissionfrom a devicewith a Fabry—Perotwaveguide;
(b) with a gratingdesignedo force thelasingmodeat A~ 16.5xm, and(c)
with a gratingdesignedor A~15.5um.

—40°C the thresholdcurrentdensityis 6.7 kA cm ™2 with a
maximum averageoutput power 2.8 m\W leadingto a peak
powerof morethan400 mW. At 60 °C, the thresholdcurrent
densityis 10 kA cm™2 and the maximum output power is
measuredo be morethan1 mW. At —40°C, we achieveda
maximumoutputpowerof 5.5 mW with 3% duty cycle and
1.2 mW at 60°C (1.5% duty). At —40°C, the highest
achievedduty cycle was 9.6%.A fit to the thresholdcurrent
densitydependencevith temperaturginsetof Fig. 2) using
the usual expressiond=J, exp(T/Ty) vyields a value of T,
=234K. The emissionspectrumof this multimode device,
[Fig. 3(a)] consistsmainly of modesaround644 cm™* (A
~15.5um). Howeverweakerfeaturesaround607 cm™* (A
~16.5um) arealsovisible (seearrow). They showthat the
gain curve of the deviceis broad (more than 40 cm b and
suggestthe possibility to force the device to lase in this
spectralregion. Dotted line abovethe spectrarepresentshe
two-phononabsorptionof InP on a linear arbitrary scale!’
We clearly observea correlationbetweenthe minima of the
two phononabsorptionandthe lasing frequencief our de-
vice. To demonstrateéhe possibility for our structureto lase
in two spectrallydistantregions,we haveprocessedwo se-
ries of sampleswith gratings etchedinto the waveguidé®
with periods designedto force waveguide modes at \
~16.5um and \~15.5um. An effective refractive index
n.#=3.001 was usedto computethe gratings periodicities.
Figure 3(b) displaysthe spectralmeasurementtor 1.5-mm-
long and 50-um-wide sampleS2018D22with a grating pe-
riod designedfor the A~16.5um region. At —40°C, the
thresholdcurrentdensityis 7.0 kA cm 2. Up to an average
power of P=0.2mW, the emissionis single frequencyat
602cm 1 (A\~16.6um). However as the driving currentis
increasedurther, side modesaroundthe main peakat 602
cm ! build up andthe peakat 647 cm ™! reappearsA maxi-
mum (multimode output power of 2.1 mW has been
achieved.With increasingtemperature the peak redshifts
from 602 downto 600cm ! (A~16.7um) at0°C. Results
from sampleS2018D34,with a shortergrating period, are
shownin Fig. 3(c). At —40°C, the emissionpeakis centered
at647cm ! with athresholdcurrentdensityof 6.1 kA cm ™2,
Furthermore the emissionis single modeup to an injected
currentdensity of 8.7 kA cm™! with an output power of P
=0.85mW (64 mW peak (insetof Fig. 4). Increasingthe
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FIG. 4. L-1 curveswith increasingtemperatureare shown for sample
S2018D34The sampleis processednto a 2.250-mm-longand50-um-wide

waveguidelnsetis the spectralemissionfrom sampleS2018D34plottedon

a logarithmic scale,showingthat the emissionis single modewith a maxi-

mum outputpower0.85mW at —40°C.

injection currentdensityup to 11 kA cm ™ leadsto a satura-
tion of the outputpowerat 1.2 mW. At this currentdensity
the emissionconsistsof a singlefrequencypeakaround647
cm ! anda smallfeatureat 638cm 1. Increasingfurtherthe
current, strongly increaseshe output power until a maxi-
mum of 1.75 mW is reached At this stage,the emission
spectrais multimodeand centeredat 646 cm™*. At +30°C,
the emissionis single mode up to the devices maximum
operationcapabilitieswith an averageoutput power of P
=0.8mW at 1.3%duty cycle. The peakis redshifteddownto
642 cm ! leadingto a temperaturéuning Av/AT of —0.07
cm KL

Measurementglone on 750-um-long structuresshow
thatthe spectralemissionis not singlemodeandsuggesthe
needfor a muchstrongergratingin orderto achievesingle-
mode laser operation for such short cavities. Similarly,

higher power output in single-modeoperation should be
achievedn the600cm ! regionwith deeperetchedgratings.
In conclusionJong wavelengthl6 xm quantumcascade
lasersare demonstrateé@t room temperaturavith high peak
output power using a bound-to-continuunstructuredesign.
Peakmultimode output power of more than 400 mW been
achievedat —40°C. At 60°C, the output power was still
more than 150 mW peak.We have also demonstratedhe
wide tuning possibilitiesof the bound-to-continuungainma-
terial aswe areableto force our devicesto laseeitherat 15.5
or at 16.7 um with the samestructureby varying the period
of anetchedgratinginto thewaveguidesThesearethe long-
estwavelengthseportedfor a quantumcascadédaserat non-
cryogenictemperaturesTheselaserscould enablethe devel-
opmentof portableBTX sensordasedon opticaltechniques.
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