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Surface-emitting 10.1 mm quantum-cascade distributed feedback lasers
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We presentmeasurementresultson a surface-emittingquantum-cascadedistributedfeedbacklaser
emitting infraredradiationat 10.1mm. The useof a secondordergratingenabledthe laserto emit
about25%of its total opticalpowerfrom thegrating.Thebeamradiatedfrom thegratingwasat a
very low divergenceangleof about1°314°.As alreadypresentedin apreviouspaper,wesimplified
theprocessingby usinga lateralcurrentinjectionschemeavoidingepitaxialregrowth.At 85 K, the
laser emitted 210 and 60 mW of pulsed power from facet and grating, respectively;at room
temperature,the correspondingnumberswere 70 and 18 mW. Thresholdcurrentdensitiesof 2.1
kA/cm2 at 85 K and 5.6 kA/cm2 at room temperaturewere observed.The deviceshowedsingle
modebehaviorfor the entire temperaturerangeand all investigatedpower levels. In addition, a
constanttemperaturetuning coefficientof 0.06 cm21/K wasseen.
Quantumcascade~QC! lasersare very promising light
sourcesfor micro-opticalenvironmentalsensorsin the mid-
infrared spectralregion.1–3 For many of thoseapplications,
however,the availability of a surface-emittinglaser would
greatly facilitate the coupling of the light into the optical
system.Since,for fundamentalreasons~TM polarization!, a
QC lasercannotbe configuredas a vertical cavity surface-
emitting laser, other methodsto achievesurfaceemission
haveto bepursued.An additionaldesiredpropertyof a light
sourcefor sensorsis its single-modebehaviorevenin pulsed
operation and at high power levels. In order to achieve
single-modeoperation,distributedfeedback~DFB! QC la-
sers have been already extensively investigated and
characterized.4–6 An elegantand,up to this point,unexplored
method to obtain surfaceemissionis the fabrication of a
DFB QC laserutilizing a secondorder diffraction grating.7

This has the additional advantagethat the grating with a
period of around3.15 mm can be fabricatedby moderate-
solutioncontactlithographyinsteadof holography.Accord-
ingly, we will presenthere recentresultsabout a surface-
emittingsecondorderDFB laserat 10.1mm. AlthoughDFB
lasershaveobviousperformancebenefits,theyusuallysuffer
from thefact thatepitaxialregrowthis necessaryto complete
the structureafter grating fabrication.As hasbeenrecently
demonstrated,onecanusea lateralcurrentinjection scheme
in order to fabricate a strongly coupled, low loss grating
without epitaxialregrowth.Thesedeviceshavea waveguide
with a semiconductorlower claddingandair forming thetop
cladding. The heavily n-doped InGaAs cap layer, which
servesas host layer for the grating, is highly conductingto
allow lateralcurrentinjectionanddistributionthroughoutthe
device. Important consequencesof such a design are that
thereis a largerefractiveindex stepbetweensemiconductor
andair, andthat therearelow calculatedlossesof 12 cm21.

a!Electronicmail: Daniel.Hofstetter@iph.unine.ch
This resultsin botha high couplingcoefficientof thegrating
anda relatively high net gain of the laser;thusit potentially
allows the fabricationof shortdeviceswith a low threshold
current.

Growth of this materialwas basedon molecularbeam
epitaxy ~MBE! of lattice matched In0.53Ga0.47As/
In0.52Al0.48As layerson top of an n-dopedInP ~Si, 231017

cm23) substrate.The growth processstartedwith the lower
waveguidelayer ~In0.53Ga0.47As, Si, 631016 cm23, thick-
ness1.25 mm!, proceededwith an active region ~thickness
1.75 mm! and was finished by a thicker upper waveguide
layer ~In0.53Ga0.47As, Si, 631016 cm23, thickness2.1 mm!
and a 0.7 mm thick highly n-doped cap layer on top
(In0.53Ga0.47As, Si, 231018 cm23). The active region,
which thus formed the centralpart of the waveguide,con-
sisted of 35 superlatticeperiods; those were alternating
n-dopedfunnel injector regionsandundopedtriple quantum
well active regions.The laser transition in the latter was
diagonal,as describedin Ref. 8. The layer sequenceof the
structure,in nanometers,startingfrom 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/
6.4/1.0/6.0/2.8 nm. In0.52Al0.48As layers are in bold,
In0.53Ga0.47As layers are in roman, and n-dopedlayers ~Si
2.531017 cm23) areunderlined.

The fabrication of thesesecondorder DFB laserswas
basedon holographicallydefining a grating with 3.15 mm
period(neff53.22!, andwet chemicaletchingof the grating
in a H2SO4/H2O2/H2O ~1:8:1! solutionto a depthof 0.6 mm
~etchrate;100nm/sec!. We useda 488nm Ar-ion laserand
a 90° cornerreflectormountedon a rotationalstagefor the
grating exposure.The grating lines run along the dove-tail
directionof the crystal in order to achievea nonrectangular
toothprofile andto obtaina sufficientlyhigh first orderFou-
rier component.This is quite critical for deviceperformance
becausea symmetricrectangularsecondorder grating con-
tains no first order Fourier component.Unfortunately,grat-
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ing fabricationby holographyandwet etchingusuallyresults
in underetchingand leadsto narrow grating lines and large
spacesbetweenthem~duty cycle,50%,seeinsetof Fig. 3!.
Becausea small duty cycle reducesthe averagerefractive
index and thereforethe overlap factor of the grating layer,
the couplingcoefficientand the diffraction efficiencyof the
grating become small, resulting in a limited amount of
surface-emittedpower.

Standardprocessingtechniqueswere used to define
ridgewaveguideswith a width of 35–55 mm ~etchdepth4.5
mm, etch depth4.5 mm, HBr/HNO3/H2O, 1:1:10,etch rate
800 nm/min! anda lengthof 1–1.5 mm.3 300 nm of Si3N4

servedas an electricalpassivationlayer and Ti/Au ~10/400
nm! wasusedasthe top contactmetal.Thinning,backcon-
tacting~Ge/Au/Ag/Au,12/27/50/100nm!, andcleavingcom-
pletedthe processing.As shownby the schematiccrosssec-
tion in Fig. 1, the contact metal coveredonly the edges
~about 5 mm on each side! of the ridge to prevent large
absorptionlossesin the waveguide,but still allow lateral
current injection. The devices,whose facetswere left un-
coated,weremountedridgesideup on copperheatsinksand
operatedat different temperaturesbetween85 and 300 K.
For this purpose,thesampleswereplacedinto a temperature
controlledN2 flow cryostat.The light from the facet of the
DFB QC laserwas collectedby f /0.8 optics and fed into a
high resolutionFouriertransformspectrometer~Nicolet type
Magna-IR860!, wherewe detectedit usinga liquid nitrogen-
cooledHgCdTedetector.For the measurementof light ver-
suscurrent(L – I ) curves,we measuredthe intensitywith a
calibrated5003500 mm2 room temperatureHgCdTedetec-
tor. Typical edgeemissionL – I and currentversusvoltage
(I –V) curvesof a 55 mm wide and 1.125mm long device
are shownin Fig. 2. The currentpulseswere 100 ns long,
and a pulserepetitionfrequencyof 5 kHz was usedfor all
temperatures.At low temperatures,we observeda threshold
currentof 1.3 A anda maximumoutputpowerof 210 mW
from the facet.The slopeefficiencyat this temperaturewas
105 mW/A and a thresholdcurrent density of 2.1 kA/cm2

wasdetermined.At room temperature,we obtained70 mW
optical outputpower from the facet,with a slopeefficiency
of 70 mW/A. However, the thresholdcurrent increasedto
3.45 A ~thresholdcurrent density of 5.6 kA/cm2), and an
operatingvoltageof 10.5 V wasseen.From the increasein
thresholdcurrent, we were able to derive a characteristic
temperatureT0 of 258 K. The higher slope efficienciesat
150 and200 K ~comparedto 85 K! aredue to the fact that

FIG. 1. Schematiccrosssectionthroughthe laserwaveguideshowingthe
position of the grating with respectto the active layer and the metal top
contact.
thegratingresonancewavelengthis tunedat thecenterof the
gainpeakat thesetemperatures.This explainsalsothehigher
T0 valueof thesedevicesthanour previouslypublishedDFB
lasers.5

Figure 3 showsa comparisonbetweenthe L – I charac-
teristicsfor both facetandgratingemission.Becauseof the
unfavorableduty cycle of the grating ~about0.25–0.35 in-
steadof 0.7!, there is a bigger fraction of the total energy
radiatedfrom the facet than from the grating.Nevertheless,
we obtainedan optical outputpower from the gratingof 60
mW at 85 K and18 mW at 300 K; thesevaluescorrespond
to quantumefficienciesof 30 and18 mW/A, respectively.In
Fig. 4, we presentthe far field distribution of the grating
emissionin both directions.In the directionalongthe wave-
guide,we observed,dueto the wide apertureandthe Bragg
reflection,a very narrowfar field angleof about1° full width
at half maximum ~FWHM!, whereasin the other, perpen-
diculardirection,thefar field anglewasequivalentto theone
observedat the correspondingdirectionof the facet,namely
about14° ~FWHM!.

FIG. 2. L – I and I –V curvesof a 55 mm wide and1.125mm long second
order DFB QC laser measuredat different temperatures~edgeemission!.
The insetshowsa plot of the thresholdcurrentvs. devicetemperature.

FIG. 3. ComparisonbetweenL – I curveswith theoutputintensitycollected
from thefacetandthegratingat threerepresentativetemperatures.Theinset
showsa scanningelectronmicroscopeimageof the grating.
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According to Ref. 9, a certainamountof gain/losscou-
pling is always presentin a secondorder DFB laser.This
loss coupling shouldpreventthe devicefrom oscillation in
bothstop-bandmodes.Most likely becauseof their relatively
weakcouplingcoefficient,we observed,on shortdevicesand
at high injection currents,lasing action in both stop-band
modes.This allowedus a relatively precisemeasurementof
the Bragg reflector’s stop-bandwidth; the value was Dl
51.1 cm21. From this figure, we determinedthe coupling
coefficientof the grating to be k5Dlpneff /l

2512 cm21;
with neff beingtheeffectiverefractiveindexof thepropagat-
ing mode.This numberis of thesameorderof magnitudeas
the calculatedvalue obtainedfrom the effective refractive
index difference of Dneff51.831022 betweenareaswith
andwithout thegratinglayer(k5pDneff/2l59 cm21) and
the first Fouriercomponentof the gratingteeth.A relatively
small free carrierabsorptionlossof 12 cm21 wascalculated
for this device,whereasa laserutilizing our standardwave-
guide design with a 2.2 mm thick InAlAs/InGaAs upper
cladding layer and a metal-coveredgrating would suffer
from a waveguidelossof 30 cm21. In addition,therefractive
index contrastwould be reducedby almost two ordersof
magnitude,namelyto a valueof Dneff52.331024.

Finally, Fig. 5 showsthe lasing spectraat temperatures
between85 and300 K. We observedsinglemodeoperation
for all temperaturesand,in particular,at maximumpowerfor
eachindividual temperature.We determinedthe linewidth to
be on the orderof 0.3 cm21, which correspondsto the reso-
lution limit of our experimentalsetup.The emissionwave-
lengthat 85 K was1004cm21; at room temperature,it de-
creasedto 990 cm21. The luminescencepeakwas found in
thevicinity of 1000cm21 for all temperatures.Thetempera-
ture tuning coefficientof the lasing peakwas constantover
the entire temperaturerange, and its magnitudewas 1/l

FIG. 4. Far field distributionsof the surfaceemissionfrom a secondorder
DFB QC lasermeasuredin two orthogonaldirections~along and perpen-
dicular to the waveguide!.
3Dl/DT56.131025 K21 (Dn/DT520.06cm21/K!.5

In conclusion,we haveshowndeviceresultsfor a sec-
ond order,surfaceemitting DFB QC laseroperatingat 10.1
mm. At room temperature,the laseremitted70 mW optical
powerthroughthe facetand18 mW from the grating into a
singlemode.Thecorrespondingnumbersfor 85 K were210
and 60 mW for facet and grating emission,respectively.
Pulsedthresholdcurrentdensitiesof 5.6 and 2.1 kA/cm22

wereseenfor 300and85 K, respectively.Thefar field angle
of the surfaceemissionwas1°314°.
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FIG. 5. Lasingspectraof a 55 mm wide and1.125mm long DFB QC laser
at different temperaturesbetween85 and300 K. The insetshowsthe linear
tuning of the wavelengthwith temperature.


