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Continuous wave operation of a 9.3 mm quantum cascade laser on a Peltier
cooler
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High averagepower quantumcascadelasersat 9.3 mm using InP top cladding layers and both
junctionup andjunctiondownmountingarepresented. A 3 mm long, junctionup mounteddevice
emitted54 mW averagepowerat 30°C and11.5%duty cycle with a thresholdcurrentdensityof
3.72kA/cm2. A similar,butonly 1.5mmlongdevicewith high reflectioncoatingonbothfacetswas
mountedjunctiondownandtestedat evenhigherduty cycles.At 227°C, we achievedcontinuous
wave operationwith a thresholdcurrentdensity of 3.3 kA/cm2
Midinfrared quantumcascade~QC! lasershavereached
a high level of maturityandarenow commerciallyavailable.
They arethe ideal light sourcefor environmentalandmedi-
cal sensors.1–4 Many of thoseapplicationscall upon high
averageoutput powers; this is particularly true for photo-
acoustictracegasspectroscopyin the partsper billion con-
centrationrange.Up to this point, thehighestaverageoutput
powerswereachievedby usingsuperlatticeactiveregionQC
laserswith an InP lower claddingand an InAlAs-basedtop
claddinglayer.5,6 Additional performanceimprovementsare
expectedby lowering the thermalresistanceof the devices.
This canbeaccomplishedby theuseof an InP top cladding,
by epitaxial sidedown mountingand the useof buriedhet-
erostructure~BH! lasers.7–10 In this letter, we presentour
latestresultson verticaltransitionQC lasersat 9.3mm which
werefabricatedwith InP top claddinglayers.In addition,we
improvedthe thermal resistanceof the devicesby junction
down mounting.

Up to the active region, growth of this material was
basedon molecularbeamepitaxy ~MBE! of lattice matched
InGaAs/InAlAs layers on top of an n-doped InP
(Si, 231017cm23) substrate.After the waveguidecorewith
the active region, an epitaxial overgrowthby metalorganic
vapor phaseepitaxy ~MOVPE! of the InP top claddingand
contactlayerscompletedthe growth.The MBE growth pro-
cessstartedwith the lower waveguidelayer ~InGaAs,Si, 6
31016cm23, total thickness0.225mm!, proceededwith an
active region ~thickness1.82 mm! and was finished by an
upperwaveguidelayer ~InGaAs,Si, 631016cm23, thickness
0.23mm!. After thoroughcleaningof the surfacein H2SO4,
the sampleswere transferredto an MOVPE system,where
the top claddinglayer ~InP, Si, 131017cm23, thickness2.5
mm!, thecontactlayer~InP,Si, 731018cm23, thickness0.85
mm!, andthe caplayer ~InP, Si, 131020cm23, thickness10
nm! weregrown. The active region,which formed the cen-
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tral part of the waveguide,consistedof 35 periods; those
were alternating n-doped funnel injector regions and un-
doped four quantumwell ~QW! active regions.The laser
transitionin the latterwasverticalandthe lower lasinglevel
utilized a doublephononresonancelike the deviceoutlined
in reference.11 Like in a superlatticeactive region, this four
QW designmakesuseof theshortlifetime of the lower laser
level. On theotherhand,the thin QW right behindthe injec-
tion barrierguaranteesa goodinjectionefficiency,similar as
in the diagonal,anticrossedthreeQW active region.12 The
layer sequenceof the structure,in nanometers,and starting
from the injection barrier, is as follows: 3.4/1.4/3.3/1.3/3.2/
1.5/3.1/1.9/3.0/2.3/2.9/2.5/2.9/4.0/1.9/0.7/5.8/0.9/5.7/0.9/5.0/
2.2 nm. In0.52Al0.48As barrier layers are in bold,
In0.53Ga0.47As well layersare in roman,and n-dopedlayers
~Si 431017cm23 for S1840 and Si 2.531017cm23 for
S1850! are underlined.Laserfabricationproceededthen by
standardprocessingsteps like outlined in Ref. 2. Device
S1840wasmountedjunctionup on a copperheatsink,while
S1850wassolderedjunctiondownto improvethermalresis-
tance.In both cases,a 2 mm thick thermally evaporatedIn
layer wasusedfor soldering.

For testing,thedeviceswereplacedinto a Peltier-cooled
aluminum box with a antireflectioncoatedZnSe window
~Alpes LasersSA!. Averageoutput power and voltage vs
current(L – I –V) curvesat temperaturesof 230, 0, 30, and
60°C weremeasuredin this configuration.A pulselengthof
40 ns wasusedwith a variablepulserepetitionfrequencyin
order to achievea duty cycle between1.5%( f rep5375kHz)
and20%( f rep55 MHz). For higherduty cycles,we left the
repetition frequencyconstantat 5 MHz and changedthe
pulselengthfrom 40 up to 200ns.Theaverageoutputpower
wasmeasuredusinga calibratedthermopiledetector.For the
acquisitionof emissionspectra,we collectedthe light with a
Au-coatedparabolicoff-axis mirror (60°, f /1.33). After re-
flectionon a secondparabolicmirror (90°, f /3.75), the light
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was focussedonto the input slit of a grating spectrometer
~Jobin–Yvon, dfocal50.3m!.

In Fig. 1, we presenta seriesof L – I –V curvesof the
junctionup mountedlaserS1840with InP top cladding.The
cavity length was 3 mm and a stripe width of 28 mm was
used.At 230°C andfor 15.5%duty cycle,a maximalaver-
agepowerof 115 mW wasseen;the thresholdcurrentden-
sity undertheseconditionswason theorderof 2.68kA/cm2.
At 30°C, the correspondingnumbersare 47 mW and 3.72
kA/cm2; this was alreadyslightly lower than the maximal
powerof 54 mW at 11.5%.As shownin the insetof Fig. 1,
theemissionwavelengthof this laserwasaround1070cm21,
or 9.3 mm. Becauseof thevertical transitionused,thewave-
lengthdid not changeat highercurrentinjection.At low duty
cycle ~1.5%!, we observedpeak powersof 1.6 W (dP/dI
5387mW/A) for 230°C and 1.0 W (dP/dI5300mW/A)
at 30°C. This exceptionalperformanceis dueto specificim-
provementsin the design of the active region. The slope
efficiency benefitsfrom both the high injection efficiency
and the short lower state lifetime of the lasing transition.
Fromthethresholdcurrentsat thetwo extremetemperatures,
we deduceda T0 valueof 214 K.

Figure2 showsthermalroll-over averagepowervs duty
cyclecurvesfor normalpulsedoperationat two typical tem-
peratures.The duty cycle with the highestaveragepower
was 15.5%for 230°C and 11.5%for 30°C. The maximal
powervaluesare115mW for 230°C and54 mW for 30°C.

FIG. 1. Light vs currentandvoltagevs currentcurvesof a 3 mm long and
28 mm wide deviceS1840at four representativetemperaturesand a duty
cycleof 15.5%.The insetshowsa typical emissionspectrumof this device.

FIG. 2. Thermalroll-over averagepowervs duty cyclecurvesof thedevice
S1840at 230°C and30°C. The dashedlines correspondto the theoretical
fit usinga thermalresistancevalueof 8.62 K/W.
A simple mathematicalmodel allowed the numericaldeter-
minationof thethermalresistanceof this laser.8 It startswith
known quantitiessuch as input electrical power, threshold
current,operatingvoltage,duty cycle, and usesthe thermal
resistanceof the deviceas a fit parameter.With the curves
shownin Fig. 2, we found a valueof Rth58.62K/W for the
total ~i.e., laser and holder! thermal resistance.The corre-
spondingtheoreticalcurvesfor the maximalpowerarealso
displayedin Fig. 2 ~dashedlines!; they agreewell with the
experimentalfindings.The aboveRth value can be reduced
considerablywhen mounting the device junction down di-
rectly on a copperheatsink.In the casepresented,the heat
needsto be transferredthroughthe 150 mm thick InP sub-
strateanda 2 mm thick In solderlayer to reachtheheatsink.
When using the junction down mountingtechnique,the ac-
tive region is only 2.5 mm away from the wafer surface,
which is solderedonto the heatsink.An even further im-
provementof the thermalbehaviorat high duty cycle opera-
tion is expectedwhenusingBH lasers.In this case,the ac-
tive regionis entirely embeddedin InP, which will leadto a
very efficient heatsinking.

Similar experimentsasshownfor S1840weremadewith
the slightly lower doped, junction down mountedsample
S1850. Due to the lower doping in the active region, it
showedlower output powers and slope efficiencies;how-
ever,the thresholdcurrentdensitywassomewhatbetterthan
the one of S1840.At low duty cycle, a 3 mm long and 28
mm wide laser exhibited 147 mW/A at 230°C ( j th

52.44kA/cm2) and120 mW/A at 30°C ( j th53.0kA/cm2).
Becauseof the copperheatsinkbeingsomewhatlongerthan
the lasercavity, the lower slopeefficiency might be partly
dueto a shadowingeffect. A T0 valueof 226 K wascalcu-
latedfor this device.

FIG. 3. Thermalroll-over averagepowervs duty cyclecurvesof thedevice
S1850at 0 °C and at 30 °C for burst mode ~top! and for normal pulsed
operation~bottom!. A burstduty cycleof 20%anda repetitionfrequencyof
10 kHz wereusedfor this experiment.The dashedlines aretheoreticalfits
usinga thermalresistancevalueof 2.9 K/W ~burst! and5.67K/W ~normal!.
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If sucha deviceis operatedat highduty cycle,thePeltier
cooler, which can dissipate20 W of thermal power, can
reachthe limit of its capabilities.This is the reasonwhy we
testedour lasersalso in burst mode.In Fig. 3, we compare
the deviceperformanceof S1850at high duty cycle in nor-
mal pulsedoperationand in burst modeoperation.In 20%
burstmode,the thermalloadon thePeltiercooleris reduced
considerably,becausethe laseris in ‘‘normal’’ pulsedmode
only during 20 ms; this shortperiod is followed by a 80 ms
long time during which the device remainsunbiased.As
shownin the upperpart of Fig. 3, the duty cycle within the
burstcould be crankedup to a valueof 100%~which corre-
spondsto 20% ‘‘real’’ pulsedoperation! for both 0°C and
30°C. Themaximalaveragepowerduringtheburstwas112
mW for 0°C and 60 mW for 30°C. At 100% duty cycle
within the burst, averagepowersof 36 and 10 mW were
obtainedfor 0°C and 30°C, respectively.As with device
S1840,we calculatedthe thermal conductanceof the laser
and found a value of 410 W/cm2 K (Rth52.9K/W) . The
lower half of Fig. 3 showsthe measurementsat real pulsed
operation.Here,themaximalthermalroll-over outputpower
for 0°C ~66.5mW! wasreachedalreadyat 27% duty cycle.
The dashedline correspondsto the simulatedcurveusinga
total thermalresistancevalueof Rth55.67K/W. Thethermal
resistancedifferencebetweenregular pulsedoperationand
burstmodecorrespondsto the thermalresistanceof the laser
submount.It is obviousthat the latter contributesstill a con-
siderablefraction, namelyalmost50%, to the total thermal
resistance.In addition, the deviation of the experimental
points from the theoreticalcurve around40% duty cycle is
probablyan indicationof an early deviceagingprocess.

In Fig. 4, we showL – I –V curvesof a different S1850
device.This particular laser had a length of only 1.5 mm.
High reflectionfacetcoatings~55%reflectivity! wereusedto

FIG. 4. Light vs currentandvoltagevs currentcurvesfor a 1.5mm longand
28 mm wide deviceS1850with double-sidedfacetcoatingat five different
duty cyclesbetween64% and100%andat 227°C.
maintaina low thresholdcurrentdensity.In orderto protect
the device from catastrophicfailure, the measurementwas
alwaysstoppedafterhavingreachedthreshold.At a tempera-
ture of 227°C ~245 K!, this lasercould be operatedunder
continuouswave~CW! conditionswith a thresholdcurrentof
1.38 A ( j th53.3kA/cm2). The thresholdcurrent increased
considerablywhen going from 1.5% (I th50.95A) via 65%
(I th51.1A) up to 100%duty cycle(I th51.38A) . Whentak-
ing into accountthe T0 value just discussed,this threshold
currentincreaseallows us to calculatethe approximatetem-
peratureincreaseDT in theactiveregion.Therelativelyhigh
value of DT585K illustratesthat the active region suffers
from a thermalstresswhich might be play an importantrole
for devicefailure.

In conclusion,we havepresentedQC lasersat an emis-
sion wavelengthof 9.3 mm with InP top claddinglayersand
bothjunctionup andjunctiondownmounting.Especiallythe
junction down device showeda reasonablethermal resis-
tancevalueandcould be operatedCW at 227°C. Maximal
averageoutputpowersof 115mW at 230°C and54 mW at
30°C wereseenfor the junction up laser.
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