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A QuantumCascadd.aserBasedon an n-i-p-i
Superlattice

Jérbmeraist Member|EEE, Antoine Miller, MattiasBeck, DanielHofstetter, Stephandlaser,UrsulaOesterle,
andMarc llegems

Abstract—We demonstrate a quantum cascadelaser with a
novel injection concept. Periodic insertion of silicon- and beryl-
lium-doped layers are usedto control locally the internal electric
field in the active region. This conceptis demonstrated experi-
mentally using an active regionbasedon a periodic superlattice.

Index Terms—Intersubband, lasers.

UANTUM cascadgQC) lasersbasedon intersubband
Q transitiong1] have now demonstrateaery high level of

performances themid-infrared[2][8]. Virtually all the
high performancd2]-[5] devicesoperateunderanalmostho-
mogenousppliedelectricfield. QC lasersbasedon dopedsu-
perlatticesor with superlatticavith adopinginducingatransfer
of chage in the injector, however, are notableexceptions[6],
[7]. Thelatterdevicesdo notoperatewith thesamdevel of per-
formancethanthe onebasedon a chirpedsuperlatticainderan
homogenousippliedelectricfield [8].

The applicationof an electricfield is obviously a necessity
in a quantumcascadealevice. It would be advantageoushow-
ever, if ameansof cancelingor at leastdecreasinghe electric
field locally insidethe active region could be found. For active
regionsbasedon localizedstateg1]—[3] (suchasfoundin the
so-calledtwo or threewells active region structures)a reduc-
tion of the appliedfield would increasethe confinementof the
upperlaserstateby decreasingts tunnelingamplitudeinto the
continuum Thisadwantageshouldbemorestronglyfelt in short
wavelengthQC structured5].

The situationif even more dramaticfor QC laserswith an
active region basedon extendedstatessuchassuperlatticeac-
tive regions. Shawvn in Fig. 1 is the plot of the productof the
interminibandoscillator strengthwith the upperstatelifetime
(afigureof meritnumberwhichis inverselyproportionalto the
thresholdcurrentdensityfor a QuantumCascaddaser)versus
electricfield for afinite superlatticeconsistingof five periodsof
5.9-nm-thickinGaAswells and 0.9-nm-thickAlInAs barriers.
As it is apparenfrom the dataof Fig. 1, evena small electric
field reducessignificantly thefigureof meritof thesuperlattice.
A reductionof the local appliedelectricfield in thesedevices
is thereforea necessitylt will allow wavefunctionswith alarge

J. Faist, A. Miiller, M. Beck, D. Hofstetter and S. Blaser are with
the University of Neuchéatel, CH-2000 Neuchatel, Switzerland (e-mail:
jerome.fist@iph.unine.ch).

U. Oesterleand M. llegemsare with the Swiss Institute of Technology
CH-1015Lausanneswitzerland.

spatialextensionjncreasingheoscillatorstrengthbeyondwhat
is achievablewith achirpedsuperlatticg8]. Theextentof these
wavefunctionsis limited by the available conductionbanddis-
continuityandtheoscillatorstrengthis reduceddy nonparabol-
icity.

In previous work, this control of the electricfield was ob-
tainedeitherby a homogenousloping of the active region [6]
or by atransferof electrongn the active region [7]. Both tech-
niguesonly partially control the electricfield. Their main dis-
adwantagesrethatthe screeningf theelectricfield is anyway
imperfect,tendsto decreasevith increasingtemperatureand
requirefreeelectronpopulationinsidetheactive regionthatwill
induceadditionalfree carrierlosses.

Inthiswork, we proposehattheelectricfieldinsidetheactive
regioncanbereducedhroughtheuseof aplaneof p-dopanin-
tercalatedbetweertheregularn-dopantsheetof theinjection
region, asshavn schematicallyn Fig. 2. The basicideais that
in presencef anexcessdonordensity(requiringthatthedonor
density N4 is larger thanthe acceptorone N,,), the electrons
will betransferredo theacceptorantil completesaturatiorof
the latter, creatinga changen theinternalelectricfield by the
amountFy given by
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wheregy is the electronchage, ¢ the vacuumdielectriccon-
stantande therelative dielectricconstanof thesemiconductor
This internalfield ¥, createdby the displacemenbf the elec-
trons from the donorsto the acceptorss usedto reducethe
electricfield in the active region. This techniqueprovidestwo
mainadwantagesFirst, becausavide band@p semiconductors
areused,.e., £, >> kT theelectricfield profile is nottemper-
aturedependentip to room temperaturendabore. The other
adwantages thatthe additionalchage usedto createthe addi-
tionalinternalelectricfield arefrozenontheir acceptositeand
do not participateto the free carrierabsorption.

The structure,grown by molecular beam epitaxy on an
n-dopedInP substrateconsistedof a 25 period active region
embeddedn an optical waveguide. As shawvn in Fig. 2 each
periodof theactive region of our sampleconsistf asix period
superlatticewith 5.9-nm InGaAs wells and 0.9-nm AllnAs
barriersseparatedy an injection/relaxationregion having at
eachendthe Si and Be doping. Early experimentswith this
concepthave shavn thatit was necessaryo insertanundoped
spacelayerbetweenthe dopedregion andthe active region to
minimize dopantdiffusioninsidethelatter[9].
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9 Fig. 3. Luminescence spectra as a function of applied voltage. The calculated

transition energies are shown on the upper horizontal axis. The decrease of the
6 — 4 transition as a function of increasing applied bias shows that the internal

field decreases, proving the effect of the p-dopant planes.
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Fig. 4. Bias voltage and optical power as a function of injected current
measured in pulsed operation.

Nd* measuring the intensity of such a forbidden transition as a func-
. _ » o tion of applied voltage, we measure the effective electric field
Fig, 2. Schematic band structure explaining the operaling principle of t the superlattice and are therefore able to investigate the effect
NIPI doping. (a) Schematic conduction band diagram of one stage of t 4]; . . . .

structure under an applied electric field of 2.8 x*M/cm in an hypothetical Of the Be doping on the effective internal field. This measure-
situation where the dopants would not have transferred from the donors leweient was performed in devices processed into circular mesas

to the acceptors. (b) Schematic band structure after the electrons have ; ; ; ;
transferred. The moduli squared of the relevant wavefunctions ;&eFQOO pm diameter. The superlattlce active region of the test

shown and their effective occupation in the energy-space diagram S@Mmple (S1551) was slightly different from that in Fig. 2, with

indicated by a gnaicftefitoarreiahtTgi C;aitte;rzﬁqu?rr;ﬁ ?; ;nit; _ gstriig: gfa rsrtireurctilﬁ.eﬁ—nm-thick wells_ a_md 1.3-n_m-thicl§ barriers, translating into a

?3?2%%%7?_5/5_7/2,2/%4/1_7/3,9/1_09/4_4/0_9/4,8/6_7/4,8/3,0/ harrower lower miniband (with a width of about 85 meV) and

5.0/0.8/5.9/0.8/5.9/0.8/5.9/0.8/5.9/35 /where I s,Al,..sAs layers & larger minigap (of about 140 meV). The electroluminescence

are in bold, In s3Ga 4-As in roman, numbers underlined with a solidspectra measured as a function of applied bidf at 85 K,

line correspond to doped layer with Si W, = 8 x 10'T cm™®, are shown in Fig. 3. The three spectral features at 140, 159, and

number underlined with dots correspond to layers doped with Be - e

N, = 8 x 1017 cm3. The dopant distribution has been approximated-84 MeV are easily identified to the= 6ton = 5 (6 — 5),

by a delta function in the calculations. 6 — 4 and7 — 4 transitions of the five quantum-well active re-

gion. The calculated transition energies are 136, 156 and 186

The concept of the charge transfer between the Si and BeV. Transition6 — 5 corresponds to the fundamental gap

dopants is illustrated in Fig. 2(b) where the calculated modulf the miniband and is the laser transition in superlattice QC

square of the relevant wavefunctions are displayed along witisers. Transitioi — 4 arises from injection of hot electrons

the band-edge energy. Layer thickness and doping levels at® level 7. Finally, transitio6 — 4 arises when the electric

given in the caption of Fig. 2. The optical waveguide is similar theld penetrates into the superlattice. The decrease of the lumi-

the one of previous QC devices and consists of the InP substmagscence intensity of th& — 4 transition with increasing ap-

on one side and of AlinAs cladding layer on the other. plied voltage can only be explained by the decrease of its matrix
In a finite superlattice, transitions between states with tldement as the effective field decreasedn the active region.

same parity are forbidden by symmetry at zero electric field. By this sample, the minimum field arises at an applied bias of
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Fig.5. Electroluminescencgpectrasafunctionof appliedvoltagefor sample
S1629.(a) LED device. (b) Laserdevice.

about9.6 V. This decreasés uneqgvivocal evidencefor the ac-
tion of theBe dopingplanesAt themaximumvoltage(12.6V),
the effective electricfield in the active region increasesagain,
asdemonstratedly therise of the6 — 4 transition.In addition
electronheating,which causesnjectionin state7, is demon-
stratedby theriseof the7 — 4 transitionstrength.Thevoltage
(¥.6V) atwhichtheflat bandsituationwas reachedn the su-
perlatticewas higherthanthe designedralue (6 V), becausef
aBe dopinglevel largerthanintended.

ThelasersamplegS-1629)wereprocessethto mesaetched
ridge waveguidesof width 28 ;;m by wet etchingthroughthe
active region, ZnSe passvation and Ti-Au metallization.The
devicesweredriven by 50-nscurrentpulseswith a4.5-kHzrep-
etition rate.Fig. 4 shavs the optical power versusdrive current
from a 1.5-mm-longdevice for varioustemperaturebetween
85 K and210 K. Thesecurvesshawv clearindication of laser
operationwith tensof miliwattsof outputpower. As shavn in
Fig. 4, the operatingvoltageis quite low sincethe laserstarts
to operateat a voltageof 5.5 V. The thresholdcurrentdensity
at85K is 6 kA/cm? andthelaserstopoperatingat 220K. The
thresholdcurrentdensityincreaseswith temperaturewith the
usualexponentialJ = Jyexp(T/1,) dependencanda large
valueof Ty = 140 K (measuredetweenl120 K—200K). The
performancef this device (outputpower andthresholdcurrent
density)is still significantlyworstthanour predictionsandthan
the resultsfrom stateof the art chirpedsuperlatticdasers[4],
[7], [8].

We do not yet have a goodexplanationfor theselow perfor-
mancelevels. Someindicationsare given however by a com-
parisonbetweerelectroluminescencepectraakenfromalLED
[Fig. 5(a)]andsubthresholdpectraof alaserdevice [Fig. 5(b)]

processedrom the samewafer (S1629).The electrolumines-
cencespectraakenat 85K for increasingcurrentsin the LED
device shav thesamecharacteristi¢ransitionsasin Fig. 3. The
flat-bandvoltage(5.5 V), asindicatedby the disappearancef
the 6 — 4 transition, correspondgo the thresholdvoltage,
shaving that the amountof Be dopinghasbeencorrectlyde-
signed As expectedthereis no Starkshift of theminigaptransi-
tion thatremainsataphotonenegy of 121 meV. In contrastthe
amplified spontaneousmissionspectraakenfrom the facetof
thelaserdevicesshav a progressie red shift of the peakemis-
sionfrom hr = 122 meVto hr = 118 meV asthe currentis
increasedThis fairly large shift comparedo the width of the
luminescencdine occursasthe appliedvoltageis changecdby
only alittle morethana volt. Sucha behaior canonly be ex-
plainedby assuminghatthe gain of the laserpeaksat a lower
enepgy thanthe fundamentatransition. Thermalpopulationof
thelower minibandcanberuled out becausehis measurement
was performedatiow temperatur¢80K) andthedevicestill op-
eratedupto 200K. A morelikely explanationis the presencef
a strongabsorptiorpeakat anenegy closeto thefundamental
minibandtransition,pushingthe laseroperationtoward longer
wavelengths This absorptioncannotbe the normalwaveguide
lossedueto freecarrierssincethelatterwould tendto increase
with wavelength A possibilityis thatthe absorptiororiginates
from crystalimperfectionor evennonoperatingtagesindeed,
X-ray measurementshav a lower crystallinematerialquality
thanthe oneobtainedin our bestdevices.
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