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Abstract—We presentdistrib uted feedback quantum cascade
lasersat 965 cm 1 with a high averageoptical output power at
temperaturesof up to 60 C. At a duty cycleof 3%, the averaged
maximal output power of a 55- m wide and 1.5-mm-longdeviceat

30 C was13.6mW; at 60 C, the device emitted 2 mW. Corr e-
spondingpeakoptical powersof 450mW at 30 C and of 70mW
at 60 C have beenobserved.Due to the lateral curr ent injection,
weachieved single-modebehavior in aslightly distorted zero-order
lateral modeacrossthe whole range of investigatedtemperatures
and output powers. At room temperature, the thr esholdcurr ent
densitywason the order of 6.7kA/cm2; the characteristic temper-
ature 0 was,due to tuning of the Bragg resonanceinto the gain
curve, rather high, namely 310K.

Index Terms—Distrib uted feedback laser, high averagepower,
infrar ed spectroscopy,quantum cascadelaser,single-modelaser.

SINGLE-MODE quantum cascade(QC) lasers have a
greatapplicationpotentialfor infrared(IR) spectroscopy.

Wavelengthrangesof particularinterestincludethosearound
5 and10 m where,up until now, CO lasersandCO lasers
have been utilized for various laboratory-typeexperiments
like photoacoustic(PA) spectroscopy, multiple-passabsorption
spectroscopy [1], [2], or absorptionspectroscopy in hollow
waveguidesand silver halide fibers [3], [4]. With the recent
progressesin PA-spectroscopy, such as the advent of highly
sensitive microphonesand microphonearrays,the construc-
tion of resonantmulti-passPA-cells, or the deployment of
Helmholtz-resonatorshapedPA-cells, QC lasersarebecoming
very interestinglight sourcesfor this sensitive technique[5],
[6]. Nevertheless,the averageQC laser output power was
usuallynot large enoughto performspectroscopy in the ppm
or even theppbrange[7], [8]. It is, thus,necessaryto achieve
high averagepower under temperatureconditionswhich can
be maintainedwith thermo-electriccoolers.This goal can be
achieved mainly by operatingthe laserat a high duty cycle. In
this letter, we reportDFB lasersat965cm , whichemitup to
13.6-mWaveragepower at 30 C. Their peakwavelengthis
exactly at oneof the strongestammoniaabsorptionlines and
can have an immediateapplicationfor PA experimentswith
this particulargas.

Fabricationof thesedevices relied on molecularbeamepi-
taxy (MBE) of latticematchedIn Ga As–In Al As
layers on top of an n-dopedInP (Si, cm ) sub-
strate.The growth processstartedwith the lower waveguide
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layers (In Ga As, Si, cm , total thickness

1.5 m), proceededwith anactive region (thickness1.75 m)
and was finishedby a thicker set of upperwaveguide layers
(In Ga As, Si, cm , thickness2.2 m), and
a highly n-dopedcap layer (In Ga As, Si,
cm , thickness0.7 m) on top. This cap layer was also the
host layer for the grating,as reportedearlier [7], [9]. Current
injection into the grating layer was accomplishedlaterally
throughnarrow metalstripesontheshouldersof thewaveguide.
This designhasthe advantagesof being simple (no epitaxial
re-growth), offering a strongcouplingcoefficient, and,finally,
resultingin smallabsorptionlosses.Theactiveregionconsisted
of 35 periods.The laser transition was diagonal,similar as
describedin [10], [11]. The layersequenceof thestructure,in
nanometers,startingfrom the injection barrier, is as follows:

/ / / /
/ nm. In Al As barrier layers are in bold,
In Ga As well layersare in roman,and n-dopedlayers
(Si cm ) areunderlined.

The fabricationprocessstartedby holographicallydefining
a grating with a 1.6378- m period ( ), and wet
chemicaletching of the grating to a depth of 0.3 m in a
H PO : H O : H O solution(4 : 1 : 10,etchrate800nm/min).
We useda 488-nmAr–ion laserand a 90 corner reflector
mountedon a rotational stagefor the grating exposure.Wet
chemical etching in a HBr : HNO : H O solution (1 : 1 : 10,
etchrate800nm/min)wasthenusedto defineridgewaveguides
with a width of 55 m (etchdepth5 m) anda lengthof 1.5
mm. 300nm of Si N servedasanelectricalpassivation layer
and Ti–Au (10/1000nm) was usedas the top contactmetal.
Thinning,backcontacting(Ge–Au–Ag–Au,12/27/50/100nm),
andcleaving completedtheprocessing.No facetcoatingswere
used;andtheopticalpowersmentionedbelow aresingle-facet
output powers. All devices were mountedridge side up on
copperheatsinks,and then placedinto a Peltier-cooledalu-
minumbox with anantireflectioncoatedZnSe-window. In this
box, they wereheldat a constanttemperaturebetween 30 C
and60 C. A commercialpulsegenerator(AlpesLasers,TPG
128) with power supply (Alpes Lasers,LDD 100) allowed
us to deliver 22.5- or 45-ns-longcurrentpulsesat a variable
repetitionfrequency of up to 5 MHz to thelaser.

For spectralmeasurements,the light of the QC DFB laser
wascollectedby anf/1.33Au-coatedparabolicmirror, andthen
bouncedoff a f/3.75parabolicmirror to enterthe200- m wide
entranceslit of a gratingspectrometer(Jobin–Yvon,

m). After the spectrometer, the light was detectedwith a
battery-driven pyro-electricdetector. For the measurementof
lignt outputversuscurrent(L–I) curves,we directly measured
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Fig. 1. Average power and voltage versus. peak current curves of a
1.5-mm-long QC DFB laser operated at both 1.5% and 3% duty cycle and at
different temperatures between�30 C and 60 C.

Fig. 2. Emission spectra of a 1.5-mm-long QC DFB laser operated at maximal
output power for 3% duty cycle at different temperatures between�30 C and
60 C. A pulselength of 45 ns was used for this measurement.

the average power with a calibrated thermopile detector. Typical
L–I and current versus voltage (I–V) curves of a 55-m wide
and 1.5-mm-long device at 1.5% duty cycle are shown in Fig. 1
(dashed lines). The emitted average power drops from 7.2 mW
at 30 C to 2 mW at 60 C. These values correspond to peak
powers of 480 and 135 mW at the respective temperatures. We
observed threshold currents of 4.35 A at30 C and 5.8 A at
60 C; these values are equivalent to threshold current densities
of 5.3 and 7 kA/cm, respectively. Since the Bragg peak tuned
toward the center of the gain curve at higher temperatures, we
observed a relatively high of 310 K.

The solid lines of Fig. 1 show the maximal average output
power measured at the same temperatures but with a doubled
duty cycle of 3%. The highest output power was achieved at

30 C; its value at the thermal roll-over point was 13.6 mW.
At room temperature, we still observed 4 mW, and finally, at
60 C, the value decreased to 1.5 mW. The last number which
is smaller than the one for 1.5% duty cycle indicates that, at a
temperature of 60C, the duty cycle with the best performance
is smaller than 3%. Considering the high voltage necessary to

Fig. 3. Emission spectra of a 1.5-mm-long QC DFB laser operated at 3% duty
cycle and with 22.5-ns-long pulses.

Fig. 4. Experimental (solid lines) and theoretical (dashed line) far-field
distributions for a 1.5-mm-long QC DFB laser at 0.5% duty cycle and 45-ns
pulselength. The measurements were taken between 4.5 and 7.5 A injection
current at a temperature of�30 C. The inset shows schematically the lateral
refractive index profile used for the calculated far field.

achieve these output powers, it becomes clear that the device
suffers from excessive heating, in particular at higher temper-
atures. This hypothesis is confirmed by Fig. 2, which shows
emission spectra at maximal output power and different tem-
peratures between30 C and 60 C. A pulselength of 45 ns
and a pulse repetition frequency of 667 kHz was used to drive
the laser at a duty cycle of 3%. The single emission peak tunes
from 968.6 cm at 30 C to 961.4 cm at 60 C. The tem-
perature tuning is 0.08 cm /K; a value which
is 27% larger than the one we reported earlier for devices run-
ning at low duty cycle [7]. Since the temperature tuning of a
DFB laser is only due to a temperature-induced refractive index
change, we can use the emission wavelength as a “thermometer”
for the active region. Under the assumption of a certain temper-
ature difference between the active region and the device
holder at 30 C and using the standard temperature tuning of
DFB lasers at very low duty ( cm /K), we
find at 60 C and under 8.3-A injection current a much larger
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temperaturedifferenceof C. At the sameduty and
temperature,but at 6.3A, thecorrespondingtemperaturediffer-
encewasalreadysmaller, namely C.Thisisconsistent
with theobservedincreasein thresholdcurrentfrom 5.8 to 6.1
A at thistemperaturewhengoingfrom a1.5%to 3%dutycycle.

Constantemissionpeakwidth and side modesuppression
ratio wereseenfor all temperatures;their respective valuesare
0.5cm and dB. Fig. 3 showstheemissionspectraof the
samedevice asabove driven with 22.5-ns-longcurrentpulses
at133MHz. Here,thefull-width athalf-maximum(FWHM) of
theemissionpeaksdroppedto 0.25cm . At thesametimethe
outputpower decreasedsomewhatwhich resultedin a smaller
sidemodesuppressionof about25dB. Linewidth versuspulse-
lengthmeasurementshave shown that the linewidth increased
linearly with pulselengthat a rateof roughly0.01cm /ns.

The solid lines in Fig. 4 representthe far-field distribution
of this device at seven differentinjectioncurrentsbetween4.5
and 7.5 A. The dashedline correspondsto the calculatedfar
field usinga lateralrefractive index profile with a lower index
in thecenterof thewaveguide,similar to theschematicpicture
shown asaninsetinto Fig.4.Dueto thelateralcurrentinjection
andtheresultingheating-inducedrefractiveindex increaseatthe
shouldersof thewaveguide,thelaseremitsin aslightlydistorted
zero-ordermode.Both shape(distortion)andFWHM ( ) of
thetheoreticalfar fieldagreewell with thefar-fielddistributions
weobservedexperimentallyonthisparticularlaser. It isobvious
that thedesignwith lateralcurrentinjectionrequiresrelatively
large stripe widths to keepthe absorptionloss low. Since,in
thiscase,thecurrentis notcorrectlydistributedwithin the0.7-
m-thick gratinglayer, theprobabilityof sucha modedistortion
is quiteconsiderable.

In conclusion,we have demonstrateda single-modeQC
DFB laser with an emissionwavelengthof 965 cm . The
device could be operatedat 3% duty cycle with a maximal
averageoutput power of 13.6 mW at 30 C. The relatively
high thresholdcurrentdensityof 5.3 kA/cm at 30 C and
7 kA/cm at 60 C led to a somewhat elevated temperature
tuning coefficient of 0.08 cm /K, comparedto 0.063
cm /K measuredon earlier devices.Nevertheless,QC DFB
laserswith suchahighaveragepowerwill beideallight sources
for mid-IR spectroscopicapplications.
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