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Terahertz intersubband emission in strong magnetic fields

Stéphane Blaser,??) Michel Rochat, Mattias Beck, Daniel Hofstetter, and Jérome Faist®
Institute of Physics,University of Neuchael, CH-2000Neuchdel, Switzerland

Electroluminescencim quantum-cascadgructuresbasedon vertical transitionsis studiedin a strong
perpendiculamagneticfield in thelimit in which the cyclotronenenpy is larger thanthe intersubband
transitionenepgy. Cyclotronemissionanda luminescenceéntensity enhancementp to a factor of 6 is
observed in GaAs/AlGaAs and InGaAs/InAlAs vertical transition-based quantum-cascade

structures.

The physics of intersubbandtransitions in the far-
infraredis very differentfrom the mid-infrared,becausehe
scatteringmechanismsare not only controlled by optical
phonons.At low temperaturethe main scatteringmecha-
nisms are electron-electron scattering™ and interface
roughnesé® A strong perpendicularmagnetic field will
breakthe in-plane dispersionof the subbandsand createa
ladder of Landaulevels attachedto each subband,which
strongly modifies thesescatteringmechanismsy reducing
the phasespacée’ The electron-electron scatteringhas a
maximumof efficiencyfor processe@ which the enegy of
theindividual electronss conserved. Thereforeantiresonant
Landaulevel emissionis an efficient way of quenchingthe
nonradiativescattering.Due to this additional quantization,
the systemhas strong analogieswith quantumboxes.De-
pendingon the magneticfield, intersubband_.andaureso-
nancesarisewhenthe Landaulevels of eachsubbandalign
with a Landau level of a different subbandwith a level
index-changesn=1,2,3,... The conditionfor sucha reso-
nanceis then

Eyrans= ON-fr o, (1)

where Ey .05 iS the intersubbandtransition enegy and w,
=eB/m* is the cyclotron enegy. Coherenttunneling be-
tweenintersubband_andaulevels with different indicesis
forbiddenin ideal cases but theseresonancesre possible
dueto the scatteringbetweenthe Landaulevels. Suchreso-
nances have already been used to derive the enegy
spectrunt 1

In this paperwe explorethe magneticlimit at which the
cyclotronenepgy h w, is larger thanthe intersubbandransi-
tion enegy E,ans; for our samplesthis is the caseat about
9.3 T for GaAsmaterialsystemand5.9 T for InGaAsmate-
rial system(for hv=16 meV). Theincreaseof thelifetime of
the upper state of the transitionin a structurebasedon a
diagonaltransition? aswell asthe suppressiorf a sequen-
tial tunneling current in a three-barrigr two-well
heterostructuré? and the enhancemenof the electrolumi-
nescencdEL) in a vertical transitiort® have also beenob-
servedby applying sucha perpendiculamagneticfield.
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The structureswere grown using molecularbeam epi-
taxy andweredesignedo emit photonsat enegiesof 15and
16 meV. Thesevertical transitionstructuresare basedon ei-
ther InGaAs/InAlAs lattice matchedto an n*-InP substrate
or GaAs/AlGaAslattice matchedto a n-doped GaAs sub-
strateand consistof 35 periods.The latter structureis in fact
a copy of the first designwhich gavefar-infrared EL,** but
with ahigherdopingthatenabledargeinjectioncurrents(the
negative differential resistance appears here at |
=150 Alcm? atlow temperature The calculatecbandstruc-
turesandthicknesse®f the differentlayersare presentedn
Fig. 1.

Forthe EL experimentsthe samplesvereprocessedhto
450 umXx 450 um mesaswith Ti/Au ohmic contact. The
light was coupledout of the structuresby a 15 um grating
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FIG. 1. Enegy banddiagramsof two periodsof the verticaltransition-based
structureg(a) in Ing 54G& 47AS/INy 5,Al  4gAS and (b) in GaAs/Aly 1:Ga gAS
materialsystemaunderaverageelectricfields of 1.9 and2.5kV/cm, respec-
tively. The conductionbandoffsetsare, respectively0.52 eV and0.15 eV
for InGaAs and GaAs material systems Shownare the moduli squaredof
the relevantwavefunctions.The wavy linesindicatethe transitionsrespon-
sible for EL emissionshetweenstates?2 and 1. The layer sequencesf one
period areindicatedin nanometergthicknesse®f the barriersin boldface
startingwith the injection barrier The third well of eachstructureis doped
with Si.
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FIG. 2. EL spectraat 3 K on both vertical transition-basedstructuresat
appliedmagneticfields of, from bottomto top, 0, 3, 3.5,4, 4.5,6, 8, 9, and
12T for InGaAs/InAlAs,andO, 5, 6, 7, 8, 8.5,9, 9.5,10, 12,and 14 T for
GaAs/AlGaAs.Thevertical displacementf the curvesis proportionalto the
magneticfields. The dashedines indicatethe peaksdueto cyclotronemis-
sion.

provided on the top by evaporation.The EL and magne-
totransportmeasurementsvere performedwith the sample
mountedin the centerof a superconductingnagnet(adjust-
ablebetween0 and 14 T). The emittedlight wascoupledby

a copper light-pipe to a cyclotron resonance InSb
detectot®*® tunableby a small superconductingoil (0-2.5
T). The spectraarethenrecordedoy tuningthe detectomag-
netic field while leaving the samplemagneticfield constant.
The bestsignalover noiseof the InSb detectorwasobtained
by decreasinghe temperatureof the He bathto 3 K. The
intrinsic linewidth of the InSb detectoris on the orderof 2.8
meV, directly deducedby measuringan intersubbandera-
hertzlaser'” For the EL measurementsye appliedelectrical
pulsesbetweentop andback contactat 6 kHz repetitionrate
and at a duty cycle of 50%. For the magnetotransporiea-
surements,we applied a continuousvoltage on 220 um

X 220 um samplesandmeasuredhe currentwhile sweeping
the magneticfield betweenzeroand 14 T.

The EL spectraat a constantcurrentof the two vertical
transition-basedstructures(l =40 mA for InGaAs sample
andl =100 mA for GaAssample aredisplayedin Fig. 2 for
differentappliedmagneticfields. We observedanincreaseof
the luminescencentensity 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. Thesemeasurementshow an increaseby a
factorof almost6 in InGaAsat12 T andalmost5 in GaAsat
14 T. An additionalpeakwhich tuneslinearly with applied
magneticfield is alsoobservedn Fig. 2 (dashedcurves; it
correspondso the cyclotron emissionof the samplesElec-
tron injection into the excited Landaulevel is suppressed
when the cyclotron enegy is larger than the intersubband
transition enegy, quenchingthe cyclotron emissionas ob-
servedexperimentally

This enhancementof the light intensity for vertical
transition-basedstructuresindicates that the nonradiative
lifetime of the upper state of the transition increaseswith
appliedmagneticfield, if we considerthatthe radiativelife-
time shouldremain constantAt low temperaturethis non-
radiative lifetime was measuredo be 11 and 14 ps for In-
GaAsandGaAs, respectively® That meansthatthe lifetime
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FIG. 3. Upper:light intensityasa function of the magneticfield at a fixed
currentfor both vertical transition-basedtructuresThe intensityis normal-
ized to the zerofield value. Lower: current(or voltage vs magneticfield
curves.

increasesip to 66 psat 12 T for InGaAsandup to 70 ps at
14T 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
becausedhe resultingspectrumis broadenedy the intrinsic
linewidth of the InSb detector The experimentaldataare a
convolutionbetweerthe detectots impulseresponseandthe
intersubbandransitionpeak.Using a laserasa probeof the
InSb intrinsic linewidth, we have convolvedthis response
function with the expectedunbroadened_orentzian shape
intersubbandpectrum obtainingan estimateof the narrow-
ing dueto thefield roughly equalto 60% (with respecto the
zerofield value). Since,for thetestedstructure the linewidth
at zero magnetic field measuredin a vacuum Fourier
transforminfrared spectrometerFTIR) is 1 meV, we can
claim thatthereallinewidth at high magneticfield is only on
the orderof 0.4 meV. This zerofield measuredntersubband
linewidth is too large to originatefrom lifetime broadening
(0.06meV=+ti/er) of the upperstatewhoselifetime is esti-
matedto about14 ps!® Consequentlyve cannotattributethe
observedlinewidth narrowing in magneticfield to the in-
creasean intersubbandifetime. However the measurements
are consistentwith a picturein which the intersubbandine-
width originatesfrom intrasubbandcatteringeventsthatare
efficiently quenchedy the magneticconfinement.

In Fig. 3, we seethat the light intensity increasesn an
oscillatorymannerTheseoscillationsaredueto theintersub-
bandLandauresonancegseeEq. (1)]. Minima in the L-B
curvescorrespondo maximain the current(or minima in
the voltage versusmagneticfield curves,sincean increase
of the currentcorrespondso anincreaseof the nonradiative
scattering.The vertical dashedcurvesin Fig. 3 indicatethe
positionsof such resonancesalculatedusing m* =0.0427
for InGaAsandm* =0.067 for GaAs. Thereis good agree-
mentwith the observedexperimentakresonancegxceptfor
the resonanceoccurring at high field correspondingo én
=1 (~5.5T for InGaAsand~9T for GaAs.

To understandhis effect, we havedisplayedthe respec-
tive positionsof theintersubband@ndcyclotronemissionsas
a function of the magneticfield in Fig. 4. The cyclotron
emissionsof the two different materialsare in good agree-
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FIG. 4. Intersubband{full) and cyclotron (open transitionenegies of the
EL spectrain function of the magnetic field for both GaAs/AlGaAs
(squaresandInGaAs/InAlAs (circles materials The dashecdturvesindicate
the theoreticalvaluesof the cyclotronemissionusingm* =0.067for GaAs
andm* =0.0427for InGaAs.

mentwith the theoreticalvaluescalculatedwith an effective
massof m* =0.067 for GaAsand m* =0.0427for InGaAs
(dashecturvesin Fig. 4). At theenegieswheretheintersub-
band and cyclotron transitionsenegies are approximately
the same ,we observedan effect of repulsionbetweenthem.
In a perpendiculamagneticfield, Landauand intersubband
confinementareonly coupledin the presencef elasticscat-
tering events.This coupling will also lead to the repulsion
betweenthe cyclotron and intersubbandemission,with an
enegy scale given by the strengthof the scattering.lt is
thereforenot a surprisethat the enegy level repulsionob-
servedin Fig. 4 is on the orderof the linewidth of theinter
subbandpeak(of 1 or 2 meV measuredn the FTIR). At the
magneticfields correspondingto this repulsion effect, the
cyclotron emissionoverlapswith the intersubbancgemission
which is at its minimum. The dashedcurvesin Fig. 3 show
the expectedehaviorof the intersubbanemissionintensity
suppressinghe cyclotron emission.Thus, basedon the re-
pulsion observedin Fig. 4 and the additional unexpected
resonancen Fig. 3, we can concludethat this resonance
mustbe dueto cyclotronemission.

We haveshownthat the applicationof a strongperpen-
dicular magneticfield, in the limit in which the cylotron
enegy is larger thanthe intersubbandransitionenegy, en-
hancesradically the terahertzintersubbandemissionin ver-
tical transition-basedjuantum-cascadstructuresbasedon
both GaAs/AlGaAs and InGaAs/InAlAs material systems.
We estimatedthat the linewidth of the emissionpeak nar
rowed by roughly 60%, giving a reallinewidth at high mag-
netic field of only 0.4 meV. The enegy positionsof the cy-
clotron emissionof both samplesbservedn the spectraare
in good agreementvith the theoreticalvalues.
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