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Abstract—We presentdistrib uted feedback quantum cascade
lasersat 965 cm—1 with a high average optical output power at
temperaturesof up to 60 °C. At a duty cycle of 3%, the averaged
maximal output power of a 55-um wide and 1.5-mm-longdevice at
—30°C was13.6mW; at 60 °C, the device emitted 2 mW. Corre-
spondingpeakoptical powersof 450mW at —30°C and of 70mW
at 60 °C have beenobsewed. Due to the lateral currentinjection,
weachieved single-modebehavior in aslightly distorted zero-order
lateral mode acrossthe whole range of investigatedtemperatures
and output powers. At room temperature, the threshold current
densitywason the order of 6.7kA/cm?; the characteristic temper-
ature T, was, due to tuning of the Bragg resonanceanto the gain
curve, rather high, namely 310K.

Index Terms—Distrib uted feedbacklaser, high average power,
infrar ed spectroscopy,quantum cascaddaser, single-modelaser.

INGLE-MODE quantum cascade(QC) lasers have a
reatapplicationpotentialfor infrared (IR) spectroscop
Wavelengthrangesof particularinterestinclude thosearound
5 and 10 xm where,up until now, CO lasersand CO, lasers
have been utilized for various laboratory-typeexperiments
like photoacousti¢PA) spectroscop multiple-passabsorption
spectroscop [1], [2], or absorptionspectroscop in hollow
waveguidesand silver halide fibers [3], [4]. With the recent
progressesn PA-spectroscop such as the adwent of highly
sensitve microphonesand microphonearrays,the construc-
tion of resonantmulti-pass PA-cells, or the deployment of
Helmholtz-resonatoshapedPA-cells, QC lasersarebecoming
very interestinglight sourcesfor this sensitve technique[5],
[6]. Nevertheless,the average QC laser output pover was
usually not large enoughto perform spectroscopin the ppm
or eventhe ppbrange[7], [8]. It is, thus,necessaryo achieve
high averagepower undertemperatureconditionswhich can
be maintainedwith thermo-electriccoolers.This goal canbe
achieved mainly by operatingthe laserat a high duty cycle. In
this letter, we reportDFB lasersat 965cm~1, which emitup to
13.6-mWaveragepower at —30 °C. Their peakwavelengthis
exactly at one of the strongestammoniaabsorptionlines and
can have an immediateapplicationfor PA experimentswith
this particulargas.

Fabricationof thesedevicesrelied on molecularbeamepi-
taxy (MBE) of lattice matchedng 53G&y. 47AS—INg 52Al 9. 43AS
layers on top of an n-dopedInP (Si, 2 x 107 cm™2) sub-
strate. The growth processstartedwith the lower waveguide
layers (Ing 53Gay 47As, Si, 1 x 107 cm™3, total thickness

Theauthorsarewith the University of Neuchatel|nstituteof Physics,CH -
2000Neuchatel Switzerland(e-mail: Daniel.Hofstetter@iph.unine.ch).

1.5 um), proceededvith an active region (thicknessl.75 z:m)
and was finished by a thicker set of upperwaveguide layers
(Ing.53Gay 47AS, Si, 1 x 107 cm™3, thickness2.2 m), and
a highly n-dopedcap layer (Ing 53Gay 47As, Si, 1 x 10
cm~3, thickness0.7 xm) on top. This cap layer was alsothe
hostlayer for the grating, asreportedearlier[7], [9]. Current
injection into the grating layer was accomplishedlaterally
throughnarrav metalstripesontheshoulderof thewaveguide.
This designhasthe advantagesof being simple (no epitaxial
re-grawth), offering a strongcoupling coeficient, and,finally,
resultingin smallabsorptiolossesTheactive region consisted
of 35 periods. The laser transition was diagonal, similar as
describedn [10], [11]. Thelayer sequenc®f the structure,in
nanometersstartingfrom the injection barrier, is as follows:
3.9/1.0/3.8/1.2/3.7/1.5/3.9/1.7/4.0/4.2/3.1/0.9/6.4/1.0
16.0/2.8 nm. Ing 52Alg4sAs barrier layers are in bold,
Ing.53G&.47As well layersarein roman,and n-dopedlayers
(Si2.5 x 1017 cm~2) areunderlined.

The fabricationprocessstartedby holographicallydefining
a grating with a 1.6378um period (n.g = 3.163), and wet
chemical etching of the grating to a depthof 0.3 um in a
H3PO, : H2 05 : H>O solution(4: 1: 10, etchrate800nm/min).
We useda 488-nmAr—ion laserand a 90 ° cornerreflector
mountedon a rotational stagefor the grating exposure.Wet
chemical etching in a HBr: HNO;3: H;O solution (1:1: 10,
etchrate800nm/min)wasthenusedto defineridgewaveguides
with a width of 55 um (etchdepth5 ;zm) anda lengthof 1.5
mm. 300 nm of SizN4 senedasan electricalpassvationlayer
and Ti—Au (10/1000nm) was usedas the top contactmetal.
Thinning,backcontacting Ge—Au-Ag—Au,12/27/50/100m),
andclearzing completedhe processingNo facetcoatingswere
used;andthe optical ponversmentionedbelov aresingle-ficet
output powers. All devices were mountedridge side up on
copperheatsinks,and then placedinto a Peltier-cooledalu-
minumbox with anantireflectioncoatedZnSe-windaev. In this
box, they wereheldat a constantemperaturdetween—30°C
and60 °C. A commercialpulsegeneratol(Alpes Lasers, TPG
128) with power supply (Alpes Lasers,LDD 100) allowed
us to deliver 22.5- or 45-ns-longcurrentpulsesat a variable
repetitionfrequeny of up to 5 MHz to thelaser

For spectralmeasurementghe light of the QC DFB laser
was collectedby anf/1.33 Au-coatedbarabolicmirror, andthen
bouncedff af/3.75 parabolicmirror to enterthe 200+:m wide
entranceslit of a grating spectrometefJobin—-Y\on, dioca1 =
0.3 m). After the spectrometerthe light was detectedwith a
battery-drnven pyro-electric detector For the measuremenof
lignt outputversuscurrent(L—I) curves,we directly measured
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Fig. 1. Average power and voltage versus. peak current curves of a Wavelength [Cm ]
1.5-mm-long QC DFB laser operated at both 1.5% and 3% duty cycle and at
different temperatures betweer80°C and 60°C. 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.
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Fig. 2. Emission spectra of a 1.5-mm-long QC DFB laser operated at maximal . o . . .

output power for 3% duty cycle at different temperatures betwegd°C and Fi9- 4. Experimental (solid lines) and theoretical (dashed line) far-field

60°C. A pulselength of 45 ns was used for this measurement. distributions for a 1.5-mm-long QC DFB laser at 0.5% duty cycle and_4_5-n_s
pulselength. The measurements were taken between 4.5 and 7.5 A injection
current at a temperature ef30 °C. The inset shows schematically the lateral
refractive index profile used for the calculated far field.

the average power with a calibrated thermopile detector. Typical
L—-I and current versus voltagé-{) curves of a 55:m wide
and 1.5-mme-long device at 1.5% duty cycle are shown in Fig.athieve these output powers, it becomes clear that the device
(dashed lines). The emitted average power drops from 7.2 maiMfers from excessive heating, in particular at higher temper-
at—30°C to 2 mW at 60°C. These values correspond to pea#itures. This hypothesis is confirmed by Fig. 2, which shows
powers of 480 and 135 mW at the respective temperatures. @vaission spectra at maximal output power and different tem-
observed threshold currents of 4.35 A-a80 °C and 5.8 A at peratures between30 °C and 60°C. A pulselength of 45 ns
60°C; these values are equivalent to threshold current densitigsl a pulse repetition frequency of 667 kHz was used to drive
of 5.3 and 7 kA/cm, respectively. Since the Bragg peak tunethe laser at a duty cycle of 3%. The single emission peak tunes
toward the center of the gain curve at higher temperatures, fmem 968.6 cnt! at—30°C to 961.4 cnt! at 60°C. The tem-
observed a relatively highi of 310 K. perature tuning is\v/AT = —0.08 cnT!/K; a value which

The solid lines of Fig. 1 show the maximal average outpig 27% larger than the one we reported earlier for devices run-
power measured at the same temperatures but with a doubiéady at low duty cycle [7]. Since the temperature tuning of a
duty cycle of 3%. The highest output power was achieved BFB laser is only due to a temperature-induced refractive index
—30°C; its value at the thermal roll-over point was 13.6 m\Whange, we can use the emission wavelength as a “thermometer”
At room temperature, we still observed 4 mW, and finally, dbr the active region. Under the assumption of a certain temper-
60 °C, the value decreased to 1.5 mW. The last number whiature differenceA7” between the active region and the device
is smaller than the one for 1.5% duty cycle indicates that, ahalder at—30 °C and using the standard temperature tuning of
temperature of 60C, the duty cycle with the best performancéFB lasers at very low dutyXv/AT = —0.063 cm~1/K), we
is smaller than 3%. Considering the high voltage necessaryfittd at 60°C and under 8.3-A injection current a much larger



temperaturalifferenceof AT + 25°C. At the sameduty and
temperaturehut at 6.3 A, thecorrespondingemperaturdiffer-
encewasalreadysmallernamelyA7+17 °C. Thisis consistent

A at thistemperaturgvhengoingfrom a1.5%to 3%dutycycle.

Constantemissionpeak width and side mode suppression

ratio wereseenfor all temperaturegheir respectre valuesare
0.5cm~! and>35 dB. Fig. 3 shovstheemissiorspectreaof the
samedevice asabove driven with 22.5-ns-longcurrentpulses
at133MHz. Here thefull-width athalf-maximum(FWHM) of
theemissiompeaksdroppedo 0.25cm™. At thesametime the
outputpower decreasedomeavhatwhich resultedin a smaller
sidemodesuppressionf about25 dB. Linewidth versuspulse-
lengthmeasurementlave shavn that the linewidth increased
linearly with pulselengttat arateof roughly0.01cm=!/ns.

The solid lines in Fig. 4 representhe far-field distribution
of this device at seven differentinjection currentsbetweern4.5
and 7.5 A. The dashedine correspondgo the calculatedfar
field usinga lateralrefractive index profile with alower index
in the centerof the waveguide,similar to the schematigicture
shavn asaninsetinto Fig. 4. Dueto thelateralcurrentinjection
andtheresultingheating-inducedefractiveindex increaseatthe
shoulder®f thewaveguide thelaseremitsin aslightly distorted
zero-ordemode.Both shapeg(distortion)and FWHM (30°) of
thetheoreticafar field agreewell with thefar-field distributions
weobsenedexperimentallyonthis particuladaser It isobvious
thatthe designwith lateralcurrentinjectionrequiresrelatively
large stripe widths to keepthe absorptionloss low. Since,in
thiscasethecurrentis notcorrectlydistributedwithin the0.7-.
m-thick gratinglayer, the probability of sucha modedistortion
is quite considerable.

In conclusion,we have demonstrateda single-modeQC
DFB laserwith 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 kAlcm? at 60 °C led to a somevhat elevated temperature
tuning coeficient of —0.08 cm—1/K, comparedto —0.063
cm~ /K measuredn earlier devices. NeverthelessQC DFB
laserswith suchahighaveragepowverwill beideallight sources
for mid-IR spectroscopiapplications.
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