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Distributed-FeedbackKuantumCascade
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With InP Top CladdingLayers
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Abstract—Two different high performance quantum cascade
distrib uted-feedbacklaserswith four quantum-well-basedactive
regionsand InP top cladding layersare presentedThe first device,
which emitted at 9.5 ;#m, was mounted junction down in order to
gethigh averagepowersof up to 71mw at —30°C and 30 mW at
room temperature. The other device, which lasedat 9.1zm, was
optimized for high pulsed operating temperaturesand tested up
to 150°C at 1.5% duty cycle. The emissionof both lasersstayed
single mode with more than 20-dB side-modesuppressionratio
over the entireinvestigatedpower and temperature range.

Index Terms—Distrib uted feedback,high power, high tempera-
tur e, mid-infrar ed, quantum cascaddaser.

N RECENTYEARS, differentspectroscopitechniquesn

the mid-infrared (mid-IR) wavelengthrangehave suffered
from the absenceof corvenientsemiconductotight sources.
Leadsaltlasersexist alreadyfor along time, but their highest
operatingtemperatureould not be pushedbeyond 220K [1].
In addition,evenat cryogenictemperaturegheir outputpower
remainedrelatively small, in the rangeof a couple of milli-
watts[2]. Although room-temperaturguantumcascad€QC)
distributed feedback(DFB) lasersare so far available only in
pulsedoperation their muchhigheraverageoutputpower has
madethemvery interestinglight sourcedor spectroscopiap-
plications[3], [4]. A variety of differentexperimentalconfig-
urationsand emissionwavelengthshasbeenpublishedin the
last coupleof years,amongthem photoacoustispectroscop
[5], and single-pasor multiple-passabsorptionspectroscop
[6]. Recentlywe succeedeth fabricatingahigh-pover5.3-um
DFB QClasemwith surfacegratingtechnology Thanksto anac-
tiveregiondesignbasednatwo phononresonancehisdevice
exhibited peakpowersin the 1-W rangeandcould be operated
athightemperaturesf upto 120°C[7]. Here ,wereportontwo
similar DFB lasersemittingin the9-,:m band;they usethesame
two phononresonancearchitectureas the 5.3-:m device de-
scribedabore, but areequippedvith aregrown InPtopcladding
layerover thegrating.SincelnP hasamuchhigherthermalcon-
ductiity andalowerrefractive index thantheformerly usedin-
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AlAs top claddinglayer, the thermalresistanceandthe modal
overlap of the laserwill be greatlyimproved. With respectto
devicesusingternarycladdinglayers,the performancas, thus,
superiorin termsof high duty cycle and/orhigh temperature
operationThefirst laserwas optimizedfor high duty cycle and
high averagepower operation(upto 71 mW at 16%duty cycle
and —30 °C), while the secondasershoved excellenttuning
andhigh-temperatureharacteristicsip to 150°C.

The fabrication of theselasersrelied on molecularbeam
epitaxy (MBE) for the active region andthe waveguidelayers,
and metal-oganic vapor phaseepitaxy (MOVPE) for the top
claddingand contactlayers. Molecular beamepitaxy growth
startedwith the lower waveguide layer (Ing 53Gay 47AS, Si, 6
x 10'¢ cm3, total thickness0.225 zm) on an n-dopedinP
(Si, 2 x 10'7 cm—?) substrateproceedeavith anactive region
(thicknessl.82 m) andwas finishedby an upperwaveguide
layer(Ing 53Gay 47 AS, Si, 6 x 106 cm~2, thicknes.23m).
SampleS1810receved thena gratingwith a periodof 1.528
#m, while the gratingperiod of sampleS1850was 1.428 um.
Both gratingswerechemicallywet-etchedo adepthof 190nm
usinganH3zPO;—H,0,—H,O (2: 4 : 6) solution.After thorough
cleaningof the surface, the sampleswere transferredto an
MOVPE system,wherethe top claddinglayer (InP, Si, 1 x
107 cm3, thickness2.5 um), the contactlayer (InP, Si, 7 x
10'® cm~2, thicknes.85.m), andthe caplayer (InP, Si, 1 x
10%° cm~2, thickness10 nm) were grown. The active region,
which formed the centralpart of the waveguide, consistedof
35 periods; those were alternating n-doped funnel injector
regions and undopedfour quantum-well(QW) gain regions.
Typical electronscatteringtimes and dipole matrix elements
aswell asa generaldescriptionof a four QW (or two phonon
resonancellesignhave beendiscussedn detail in [7]. The
layer sequenceof sampleS1810in nanometersand starting
from the injection barrier was 3.8/2.10.7/6.300.95.90.9
barrier layers are in bold, Ing 53Gay 47As well layersare in
roman, and n-dopedlayers (Si 3 x 10'" cm~2 for S 1810)
are underlined.Sample S1850 had its lasing transition at a
slightly higher enegy and used, therefore,an injector with
seven well/barrier pairs. Its layer structurehasbeenpublished
in [8]. Laserfabricationusingridge waveguideetching,SisN4
deposition, metallization, and thinning proceededthen by
standardoroceduresln orderto have a large thermalconduc-
tance,device S1810was mountedjunction down on a copper
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Fig. 1. Series ofL—I and I-V' curves of a 2zm-wide and 1.5-mm-long f;
DFB laser taken from the sample S1810 and at different temperatures betw,
—30°C and 60 C. For this particular measurement, a duty cycle of 16%
pulse length/3.6-MHz pulse repetition frequency) was used.

. 2. Series of emission spectra of az26+wide and 1.5-mm long DFB laser
n from the sample S1810 and at different temperatures betw&@ehC and
(45-M§9-C. Each spectrum was measured at the maximum output power at 16% duty

cycle.

heatsink. This allowed, especially at high duty cycle, a very Y L 400
efficient extraction of the produced heat. Since we tested the [ $1850b2 ] =
other devicg (81'850) only at high temperature, but not at high s :%‘fg‘;i'%‘:lt‘;pcycle 3 300 %
duty cycle, junction up mounting worked sufficiently well. In 8 N ] =
both cases, a 2m thick thermally evaporated In layer was fgf) L 3 200 %
used for soldering. 3 al . Q.

For testing, the devices were placed into a Peltier-cooled > - 4100 f‘g
aluminum box with an antireflection coated ZnSe-window i ] a
(Alpes Lasers SA). Average output power and voltage versus 0 10
current C—/-V) curves at temperatures betweer80 and 0 1 2 3
150°C could be measured in this configuration. A pulse length Current [A]

of 45 ns was used with a variable pulse repetition frequency in _ .
Fig. 3. Series ofL—I and I-V' curves of a 24+m-wide and 1.5-mm-long

order to achieve a duty cycle between 0.1f,( = 22 kHz)  pFg jaser taken from the sample S1850 and at different temperatures between
and 16% (.., = 3.6 MHz). For the acquisition of emission —20°C and 13°C (spacing 10°C). For this particular measurement, a duty

spectra at high duty cycle (sample S1810), we collected tpusle of 1.5% (45-ns pulselength/333-kHz pulse repetition frequency) was used.
light with an Au-coated parabolic off-axis mirror (80f /1.33).
After reflection on a second parabolic mirror (9§ /3.75), the Kat—30°C andAT = 67 K at 60°C). This is also illustrated
light was focused onto the input slit of a grating spectrometby the slightly elevated temperature tuning coefficient, which
(Jobin—-Yvon,dg...1 = 0.3 m). At low duty cycle (S1850), a can be derived from the spectra shown in Fig. 2. These spectra
Fourier transform spectrometer was used instead of the gratarg measured at 16% duty cycle and the maximal output power
spectrometer. for each temperature. The laser can be continuously tuned from
Fig. 1 shows a series di—I- andI-V curves of a 26:m 1046 cntt at—30°C to 1038 cnt! at 60°C with a tuning coef-
wide and 1.5-mm long DFB laser taken from sample S181ficientof1/3x AB/AT = —8.5x 107> K~1. Due to the over-
For this particular measurement, a duty cycle of 16% was uséeating of the active region, this value is about 22% larger than
The emitted average power was 71 mW-80 °C and 15 mW expected from the temperature-induced refractive index change
at 60°C. At 1.5% duty cycle, we observed maximal slope ef9]. The spectral width of about 1 cm is due to the duration of
ficiencies of 194 mWI/A at-30 °C and 93 mW/A at 60C. the electrical pulses; for shorter electrical pulses, we observed
The corresponding threshold currents were 2.3 A and 3.34 &proportional linewidth narrowing [5]. The sidemode suppres-
these values are equivalent to threshold current densities of &i@n ratio was on the order of 20 dB for the entire investigated
kA/cm? and 8.55 kA/cr at the respective temperatures. Theemperature range.
characteristic temperatuf®, which empirically describes the For the second DFB laser, which was fabricated from sample
behavior of the threshold current as a function of the tempel®1850,L—I- and/-V curves as a function of temperature are
ture was 243 K. Exact matching between Bragg and gain pgalesented in Fig. 3. This device was 2m wide and 1.5 mm
was achieved at 49C; this led to alp value which was some- long. The curves are obtained at 1.5% duty cycle in order to
what better than the one observed with the Fabry—Pérot lademonstrate the excellent high temperature capability of the ma-
fabricated from the same materidlEan.y—reor = 183 K). At terial. The highest temperature for which we could reliably mea-
16% duty cycle, the threshold currents were 2.7 Af@0°C sure theL-[-V curve was 130 C. The threshold current in-
and 4.4 A for 60°C; giving rise to a slightly lowefly value crease from 0.95 A at20°C to 2.2 A at 130°C corresponds
of 184 K. From the threshold current values at low and higlo a characteristic temperature of 179 K. In contrast to the de-
duty cycle and th&j at low duty, one can estimate the temperatice presented above, this laser had the exact match between
ture increase\7” in the active region with respect to the coppeBragg resonance and gain peak—0 °C. This resulted in a
heatsink. This calculation shows that for higher temperaturedightly worseTy value compared to the Fabry—Pérot laser fab-
the laser active region heats faster than the heatgiffk£ 39 ricated from the same materialfraney—rerot = 226 K). At
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Fig. 4. Seriesof emissionspectraof a 24-um-wide and 1.5-mm-longDFB
lasertakenfrom the sampleS1850andat differenttemperaturebetweer °C
and 150 °C (spacing10 °C). Each spectrumwas measuredat an injection
currentof 2.5A andat0.1%duty cycle.
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Fig. 5. Emissionwavelengthas a function of temperatureof a DFB laser
S1850.Thethreecurvescorrespondo the threedifferentcaseswith a dc bias
of 0, 50,and100 mA.

—20°C, we obsenred a slopeefficiency of 187 mW/A with a
rollover power of 300 mW; while at 130 °C, 62 mW/A and
47 mW wereseen.In Fig. 4, we presenthe emissionspectra
measureattemperaturebetweerD °C and150°C anda cur-
rentof 2.5 A. The duty cycle for this seriesof measurements
was 0.1% with 20-nslong pulsesand a repetitionrate of 50
kHz. Dependingon the heatsinkkemperaturea sidemodesup-
pressionratio of at least20 dB was seen.The emissionpeak
shiftedcontinuouslyfrom 1114cm~* at0 °C to 1102.4cm—*
at150°C. Thisis equivalentto atemperaturéuningcoeficient
of 1/8 x AB/AT = —6.95 x 10~> K~1. Atlow temperatures,
wherethe operatingcurrentof 2.5 A wasmuchlargerthanthe
thresholdcurrent,the lasersuffered somevhat from chirping.
This led to a small shoulderon the long wavelengthside(i.e.,
the smallwavenumbeiside) of the mainpeak.

Thehigh operatingemperaturef theseDFB laserscouldbe
usedto investicatethe temperaturelependencef the thermal
conductvity of the S1850lasermaterial.For this purposewe
measure@nothertwo seriesof emissionspectraunderslightly
differentconditions Theresultsof theseexperimentareshovn
in Fig. 5. In the first experiment,the baselineof the electrical
pulseswas shiftedfrom 0to 50 mA. Thisis equialentto having
a50-mA dc bias,on top of which we addeda pulsedsignal50
mA smallerthanbefore.For eachtemperaturendatotal cur-

rentof 2.5A, thewavelengthwas comparedo theoneobtained
atnormalconditions(no dc bias).In the secondmeasurement,
we increasedhe dc biasto 100 mA and measuredhgain the
emissionvavelengthfor eachtemperatureThedcbias-induced
heatingcausech measurablevavelengthshift of the DFB laser
For eachgiven temperaturethis wavelengthshift (or tempera-
tureincreaseyemainedat a constantvalueof —0.12cm~! for
50 mA dc bias(Vevice = 2.5 V) and—0.36cm™! for 100mA
dchias(Vievice = 3.5 V). Sinceaconstantemperaturéncrease
was obsenred for all investicated temperaturegwhen adding
a certaindc bias), we can concludethat the thermalconduc-
tivity remainedunchangedvith increasingtemperatureFrom
theadditionalpower to be dissipatecandthe obsenedtemper-
atureincreasewe can calculatethe thermalresistanceusing
Ry, = AT/ (Vievice X Lic); thisyields Ry, = 14.7 K/W or
(takinginto accountheareaof thelaser)g,, = 190 W-K cm?.

In conclusion, we have demonstratedtwo different
single-mode QC DFB lasers based on a design with a
doublephononresonanceén the active region. While the first
device was mountedjunction down, and thus, optimized for
high averagepower and high duty cycle operationthe second
laserwas solderedunction up andcould be driven at elevated
temperaturesf upto 150°C.
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