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Terahertz intersubband emission in strong magnetic fields
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Electroluminescencein quantum-cascadestructuresbasedon vertical transitionsis studiedin a strong
perpendicularmagneticfield in the limit in which thecyclotronenergy is larger thanthe intersubband
transitionenergy. Cyclotronemissionanda luminescenceintensityenhancementup to a factorof 6 is
observed in GaAs/AlGaAs and InGaAs/InAlAs vertical transition-based quantum-cascade
structures.
The physics of intersubbandtransitions in the far-
infrared is very different from the mid-infrared,becausethe
scatteringmechanismsare not only controlled by optical
phonons.At low temperaturethe main scatteringmecha-
nisms are electron–electron scattering1–3 and interface
roughness.4,5 A strong perpendicularmagnetic field will
break the in-planedispersionof the subbandsand createa
ladder of Landau levels attachedto each subband,which
strongly modifies thesescatteringmechanismsby reducing
the phasespace.6,7 The electron–electron scatteringhas a
maximumof efficiencyfor processesin which the energy of
theindividual electronsis conserved.8 Thereforeantiresonant
Landaulevel emissionis an efficient way of quenchingthe
nonradiativescattering.Due to this additionalquantization,
the systemhas strong analogieswith quantumboxes.De-
pendingon the magneticfield, intersubbandLandaureso-
nancesarisewhen the Landaulevels of eachsubbandalign
with a Landau level of a different subbandwith a level
index-changedn51,2,3,. . . The condition for sucha reso-
nanceis then

Etrans5dn•\vc , ~1!

where Etrans is the intersubbandtransition energy and vc

5eB/m* is the cyclotron energy. Coherenttunneling be-
tween intersubbandLandaulevels with different indices is
forbidden in ideal cases,but theseresonancesare possible
due to the scatteringbetweenthe Landaulevels.Suchreso-
nances have already been used to derive the energy
spectrum.9–11

In this paperwe explorethemagneticlimit at which the
cyclotronenergy \vc is larger thanthe intersubbandtransi-
tion energy Etrans; for our samples,this is the caseat about
9.3 T for GaAsmaterialsystemand5.9 T for InGaAsmate-
rial system~for hn516 meV!. Theincreaseof thelifetime of
the upper stateof the transition in a structurebasedon a
diagonaltransition,9 aswell as the suppressionof a sequen-
tial tunneling current in a three-barrier, two-well
heterostructure,12 and the enhancementof the electrolumi-
nescence~EL! in a vertical transition13 havealso beenob-
servedby applyingsucha perpendicularmagneticfield.

a!Electronicmail: stephane.blaser@alpeslasers.ch
b!Previouslyat: Alpes Lasers.
c!Electronicmail: jerome.faist@unine.ch
The structureswere grown using molecularbeamepi-
taxy andweredesignedto emit photonsat energiesof 15 and
16 meV. Thesevertical transitionstructuresarebasedon ei-
ther InGaAs/InAlAs lattice matchedto an n1-InP substrate
or GaAs/AlGaAslattice matchedto a n-dopedGaAs sub-
strateandconsistof 35 periods.The latterstructureis in fact
a copy of the first designwhich gavefar-infraredEL,14 but
with a higherdopingthatenableslargeinjectioncurrents~the
negative differential resistance appears here at j
5150 A/cm2 at low temperature!. Thecalculatedbandstruc-
turesandthicknessesof the different layersarepresentedin
Fig. 1.

For theEL experiments,thesampleswereprocessedinto
450mm3450mm mesaswith Ti/Au ohmic contact. The
light was coupledout of the structuresby a 15 mm grating

FIG. 1. Energy banddiagramsof two periodsof theverticaltransition-based
structures~a! in In0.53Ga0.47As/In0.52Al0.48As and~b! in GaAs/Al0.15Ga0.85As
materialsystemsunderaverageelectricfieldsof 1.9 and2.5 kV/cm, respec-
tively. The conductionbandoffsetsare, respectively, 0.52 eV and0.15 eV
for InGaAs and GaAs materialsystems.Shownare the moduli squaredof
the relevantwavefunctions.The wavy lines indicatethe transitionsrespon-
sible for EL emissionsbetweenstates2 and1. The layer sequencesof one
periodare indicatedin nanometers~thicknessesof the barriersin boldface!
startingwith the injection barrier. The third well of eachstructureis doped
with Si.
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provided on the top by evaporation.The EL and magne-
totransportmeasurementswere performedwith the sample
mountedin the centerof a superconductingmagnet~adjust-
ablebetween0 and14 T!. The emittedlight wascoupledby
a copper light-pipe to a cyclotron resonance InSb
detector15,16 tunableby a small superconductingcoil ~0–2.5
T!. Thespectraarethenrecordedby tuningthedetectormag-
netic field while leavingthe samplemagneticfield constant.
Thebestsignalovernoiseof the InSbdetectorwasobtained
by decreasingthe temperatureof the He bath to 3 K. The
intrinsic linewidth of the InSbdetectoris on theorderof 2.8
meV, directly deducedby measuringan intersubbandtera-
hertzlaser.17 For theEL measurements,we appliedelectrical
pulsesbetweentop andbackcontactat 6 kHz repetitionrate
andat a duty cycle of 50%. For the magnetotransportmea-
surements,we applied a continuous voltage on 220mm
3220mm samplesandmeasuredthecurrentwhile sweeping
the magneticfield betweenzeroand14 T.

The EL spectraat a constantcurrentof the two vertical
transition-basedstructures~I 540 mA for InGaAs sample
andI 5100 mA for GaAssample! aredisplayedin Fig. 2 for
differentappliedmagneticfields.We observedanincreaseof
the luminescenceintensity for both materials.The light in-
tensity normalizedto the zero field value is displayedfor
both materialsin Fig. 3 as a function of the magneticfield
(L –B curves!. Thesemeasurementsshow an increaseby a
factorof almost6 in InGaAsat 12T andalmost5 in GaAsat
14 T. An additionalpeakwhich tuneslinearly with applied
magneticfield is alsoobservedin Fig. 2 ~dashedcurves!; it
correspondsto the cyclotronemissionof the samples.Elec-
tron injection into the excited Landau level is suppressed
when the cyclotron energy is larger than the intersubband
transition energy, quenchingthe cyclotron emissionas ob-
servedexperimentally.

This enhancementof the light intensity for vertical
transition-basedstructures indicates that the nonradiative
lifetime of the upper stateof the transition increaseswith
appliedmagneticfield, if we considerthat the radiativelife-
time shouldremainconstant.At low temperature,this non-
radiative lifetime was measuredto be 11 and 14 ps for In-
GaAsandGaAs,respectively.18 Thatmeansthat the lifetime

FIG. 2. EL spectraat 3 K on both vertical transition-basedstructuresat
appliedmagneticfieldsof, from bottomto top, 0, 3, 3.5,4, 4.5,6, 8, 9, and
12 T for InGaAs/InAlAs,and0, 5, 6, 7, 8, 8.5, 9, 9.5, 10, 12, and14 T for
GaAs/AlGaAs.Theverticaldisplacementof thecurvesis proportionalto the
magneticfields.The dashedlines indicatethe peaksdueto cyclotronemis-
sion.
 increasesup to 66 ps at 12 T for InGaAsandup to 70 ps at

14 T for GaAs.
The width of the intersubbandpeak seemsto be nar-

rowed by about30% for InGaAs and about20% for GaAs
under applicationof magneticfield ~seeFig. 2!. However,
that is not the true narrowingof the intersubbandemission
becausethe resultingspectrumis broadenedby the intrinsic
linewidth of the InSb detector. The experimentaldataare a
convolutionbetweenthedetector’s impulseresponseandthe
intersubbandtransitionpeak.Using a laserasa probeof the
InSb intrinsic linewidth, we have convolved this response
function with the expectedunbroadenedLorentzian shape
intersubbandspectrum,obtainingan estimateof the narrow-
ing dueto thefield roughlyequalto 60% ~with respectto the
zerofield value!. Since,for thetestedstructure,thelinewidth
at zero magnetic field measuredin a vacuum Fourier-
transform infrared spectrometer~FTIR! is 1 meV, we can
claim that thereal linewidth at high magneticfield is only on
the orderof 0.4 meV. This zerofield measuredintersubband
linewidth is too large to originatefrom lifetime broadening
(0.06meV5\/et) of the upperstatewhoselifetime is esti-
matedto about14 ps.18 Consequentlywe cannotattributethe
observedlinewidth narrowing in magneticfield to the in-
creasein intersubbandlifetime. However, the measurements
areconsistentwith a picturein which the intersubbandline-
width originatesfrom intrasubbandscatteringeventsthatare
efficiently quenchedby the magneticconfinement.

In Fig. 3, we seethat the light intensity increasesin an
oscillatorymanner. Theseoscillationsaredueto theintersub-
bandLandauresonances@seeEq. ~1!#. Minima in the L –B
curvescorrespondto maxima in the current ~or minima in
the voltage! versusmagneticfield curves,sincean increase
of the currentcorrespondsto an increaseof the nonradiative
scattering.The vertical dashedcurvesin Fig. 3 indicatethe
positionsof such resonancescalculatedusing m* 50.0427
for InGaAsandm* 50.067for GaAs.Thereis goodagree-
ment with the observedexperimentalresonancesexceptfor
the resonanceoccurring at high field correspondingto dn
51 ~;5.5T for InGaAsand;9 T for GaAs!.

To understandthis effect, we havedisplayedthe respec-
tive positionsof the intersubbandandcyclotronemissionsas
a function of the magneticfield in Fig. 4. The cyclotron
emissionsof the two different materialsare in good agree-

FIG. 3. Upper: light intensityasa functionof the magneticfield at a fixed
currentfor bothvertical transition-basedstructures.The intensityis normal-
ized to the zero field value.Lower: current ~or voltage! vs magneticfield
curves.
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mentwith the theoreticalvaluescalculatedwith an effective
massof m* 50.067 for GaAs and m* 50.0427for InGaAs
~dashedcurvesin Fig. 4!. At theenergieswheretheintersub-
band and cyclotron transitionsenergies are approximately
the same,we observedan effect of repulsionbetweenthem.
In a perpendicularmagneticfield, Landauand intersubband
confinementsareonly coupledin thepresenceof elasticscat-
tering events.This coupling will also lead to the repulsion
betweenthe cyclotron and intersubbandemission,with an
energy scale given by the strengthof the scattering.It is
thereforenot a surprisethat the energy level repulsionob-
servedin Fig. 4 is on the orderof the linewidth of the inter-
subbandpeak~of 1 or 2 meV measuredin the FTIR!. At the
magneticfields correspondingto this repulsion effect, the
cyclotronemissionoverlapswith the intersubbandemission
which is at its minimum.The dashedcurvesin Fig. 3 show
theexpectedbehaviorof theintersubbandemissionintensity,
suppressingthe cyclotron emission.Thus, basedon the re-
pulsion observedin Fig. 4 and the additional unexpected
resonancein Fig. 3, we can concludethat this resonance
mustbe dueto cyclotronemission.

FIG. 4. Intersubband~full ! and cyclotron ~open! transitionenergies of the
EL spectra in function of the magnetic field for both GaAs/AlGaAs
~squares! andInGaAs/InAlAs~circles! materials.Thedashedcurvesindicate
the theoreticalvaluesof the cyclotronemissionusingm* 50.067for GaAs
andm* 50.0427for InGaAs.
We haveshownthat the applicationof a strongperpen-
dicular magneticfield, in the limit in which the cylotron
energy is larger than the intersubbandtransitionenergy, en-
hancesradically the terahertzintersubbandemissionin ver-
tical transition-basedquantum-cascadestructuresbasedon
both GaAs/AlGaAs and InGaAs/InAlAs material systems.
We estimatedthat the linewidth of the emissionpeak nar-
rowedby roughly60%,giving a real linewidth at high mag-
netic field of only 0.4 meV. The energy positionsof the cy-
clotronemissionof bothsamplesobservedin thespectraare
in goodagreementwith the theoreticalvalues.
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