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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 concept is demonstrated experi-
mentally usingan active regionbasedon a periodic superlattice.

Index Terms—Intersubband, lasers.

QUANTUM cascade(QC) lasersbasedon intersubband
transitions[1] have now demonstratedvery high level of
performancesin themid-infrared[2]–[8]. Virtually all the

high performance[2]–[5] devicesoperateunderanalmostho-
mogenousappliedelectricfield. QC lasersbasedon dopedsu-
perlatticesor with superlatticewith adopinginducingatransfer
of charge in the injector, however, arenotableexceptions[6],
[7]. Thelatterdevicesdonotoperatewith thesamelevel of per-
formancethantheonebasedon achirpedsuperlatticeunderan
homogenousappliedelectricfield [8].

The applicationof an electric field is obviously a necessity
in a quantumcascadedevice. It would be advantageous,how-
ever, if a meansof cancelingor at leastdecreasingtheelectric
field locally insidetheactive region couldbefound.For active
regionsbasedon localizedstates[1]–[3] (suchasfound in the
so-calledtwo or threewells active region structures),a reduc-
tion of theappliedfield would increasetheconfinementof the
upperlaserstateby decreasingits tunnelingamplitudeinto the
continuum.Thisadvantageshouldbemorestronglyfelt in short
wavelengthQC structures[5].

The situationif even more dramaticfor QC laserswith an
active region basedon extendedstatessuchassuperlatticeac-
tive regions.Shown in Fig. 1 is the plot of the productof the
interminibandoscillatorstrengthwith the upperstatelifetime
(a figureof meritnumberwhich is inverselyproportionalto the
thresholdcurrentdensityfor a QuantumCascadelaser)versus
electricfield for afinite superlatticeconsistingof fiveperiodsof
5.9-nm-thickInGaAswells and0.9-nm-thickAlInAs barriers.
As it is apparentfrom the dataof Fig. 1, even a small electric
field reducessignificantlythefigureof meritof thesuperlattice.
A reductionof the local appliedelectricfield in thesedevices
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is thereforeanecessity. It will allow wavefunctionswith a large

spatialextension,increasingtheoscillatorstrengthbeyondwhat
is achievablewith achirpedsuperlattice[8]. Theextentof these
wavefunctionsis limited by theavailableconductionbanddis-
continuityandtheoscillatorstrengthis reducedby nonparabol-
icity.

In previous work, this control of the electric field was ob-
tainedeitherby a homogenousdopingof theactive region [6]
or by a transferof electronsin theactive region [7]. Both tech-
niquesonly partially control the electricfield. Their main dis-
advantagesarethatthescreeningof theelectricfield is anyway
imperfect,tendsto decreasewith increasingtemperature,and
requirefreeelectronpopulationinsidetheactiveregionthatwill
induceadditionalfreecarrierlosses.

In thiswork,weproposethattheelectricfield insidetheactive
regioncanbereducedthroughtheuseof aplaneof p-dopantin-
tercalatedbetweentheregularn-dopantssheetsof theinjection
region,asshown schematicallyin Fig. 2. Thebasicideais that
in presenceof anexcessdonordensity(requiringthatthedonor
density is larger than the acceptorone ), the electrons
will betransferredto theacceptorsuntil completesaturationof
the latter, creatinga changein the internalelectricfield by the
amount given by

where is the electroncharge, the vacuumdielectriccon-
stantand therelativedielectricconstantof thesemiconductor.
This internalfield createdby thedisplacementof the elec-
trons from the donorsto the acceptorsis usedto reducethe
electricfield in theactive region. This techniqueprovidestwo
mainadvantages.First, becausewide bandgapsemiconductors
areused,i.e., theelectricfield profile is not temper-
aturedependentup to room temperatureandabove. Theother
advantageis that theadditionalchargeusedto createtheaddi-
tional internalelectricfield arefrozenontheiracceptorsiteand
do not participateto thefreecarrierabsorption.

The structure,grown by molecular beam epitaxy on an
n-dopedInP substrate,consistedof a 25 period active region
embeddedin an optical waveguide.As shown in Fig. 2 each
periodof theactiveregionof oursampleconsistsof asix period
superlatticewith 5.9-nm InGaAs wells and 0.9-nm AlInAs
barriersseparatedby an injection/relaxationregion having at
eachend the Si and Be doping. Early experimentswith this
concepthave shown that it was necessaryto insertanundoped
spacerlayerbetweenthedopedregion andtheactive region to
minimizedopantdiffusioninsidethelatter[9].
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Fig. 1. Product of the oscillator strength and upper state lifetime as a function
of applied electric field for a five period 5.9-nm InGaAs wells, 0.9-nm AlInAs
barriers superlattice.

Fig. 2. Schematic band structure explaining the operating principle of the
NIPI doping. (a) Schematic conduction band diagram of one stage of the
structure under an applied electric field of 2.8 × 10V/cm in an hypothetical
situation where the dopants would not have transferred from the donors levels
to the acceptors. (b) Schematic band structure after the electrons have been
transferred. The moduli squared of the relevant wavefunctions are
shown and their effective occupation in the energy-space diagram is
indicated by a grayed area. The layer sequence of one period of structure,
in nanometers, left to right and starting from the injection barrier is
2:3=4:0=2:6=3:3=2:7=2:2=3:4=1:7=3:9=1:0=4:4=0:9=4:8=0:7=4:8=3:0=
5:9=0:8=5:9=0:8=5:9=0:8=5:9=0:8=5:9=3:5=where In Al As layers
are in bold, In Ga As in roman, numbers underlined with a solid
line correspond to doped layer with Si toN = 8 � 10 cm ,
number underlined with dots correspond to layers doped with Be to
N = 8 � 10 cm : The dopant distribution has been approximated
by a delta function in the calculations.

The concept of the charge transfer between the Si and Be
dopants is illustrated in Fig. 2(b) where the calculated moduli
square of the relevant wavefunctions are displayed along with
the band-edge energy. Layer thickness and doping levels are
given in the caption of Fig. 2. The optical waveguide is similar to
the one of previous QC devices and consists of the InP substrate
on one side and of AlInAs cladding layer on the other.

In a finite superlattice, transitions between states with the
same parity are forbidden by symmetry at zero electric field. By

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.

Fig. 4. Bias voltage and optical power as a function of injected current
measured in pulsed operation.

measuring the intensity of such a forbidden transition as a func-
tion of applied voltage, we measure the effective electric field
in the superlattice and are therefore able to investigate the effect
of the Be doping on the effective internal field. This measure-
ment was performed in devices processed into circular mesas
of 200 m diameter. The superlattice active region of the test
sample (S1551) was slightly different from that in Fig. 2, with
5.6-nm-thick wells and 1.3-nm-thick barriers, translating into a
narrower lower miniband (with a width of about 85 meV) and
a larger minigap (of about 140 meV). The electroluminescence
spectra measured as a function of applied bias at K,
are shown in Fig. 3. The three spectral features at 140, 159, and
184 meV are easily identified to the to (

and transitions of the five quantum-well active re-
gion. The calculated transition energies are 136, 156 and 186
meV. Transition corresponds to the fundamental gap
of the miniband and is the laser transition in superlattice QC
lasers. Transition arises from injection of hot electrons
into level 7. Finally, transition arises when the electric
field penetrates into the superlattice. The decrease of the lumi-
nescence intensity of the transition with increasing ap-
plied voltage can only be explained by the decrease of its matrix
element as the effective field isdecreasedin the active region.
In this sample, the minimum field arises at an applied bias of
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Fig.5. Electroluminescencespectraasafunctionof appliedvoltagefor sample
S1629.(a) LED device. (b) Laserdevice.

about9.6 V. This decreaseis uneqvivocalevidencefor theac-
tion of theBedopingplanes.At themaximumvoltage(12.6V),
the effective electricfield in the active region increasesagain,
asdemonstratedby theriseof the transition.In addition
electronheating,which causesinjection in state7, is demon-
stratedby theriseof the transitionstrength.Thevoltage
(∼9.6V) at which theflat bandsituationwas reachedin thesu-
perlatticewas higherthanthedesignedvalue(6 V), becauseof
a Be dopinglevel largerthanintended.

Thelasersamples(S-1629)wereprocessedinto mesaetched
ridge waveguidesof width 28 m by wet etchingthroughthe
active region, ZnSepassivation andTi–Au metallization.The
devicesweredriven by 50-nscurrentpulseswith a4.5-kHzrep-
etition rate.Fig. 4 shows theopticalpower versusdrivecurrent
from a 1.5-mm-longdevice for varioustemperaturesbetween
85 K and210 K. Thesecurvesshow clear indicationof laser
operationwith tensof miliwattsof outputpower. As shown in
Fig. 4, the operatingvoltageis quite low sincethe laserstarts
to operateat a voltageof 5.5 V. The thresholdcurrentdensity
at 85 K is 6 kA/cm andthelaserstopoperatingat 220K. The
thresholdcurrentdensityincreaseswith temperaturewith the
usualexponential dependenceanda large
valueof K (measuredbetween120K–200K). The
performanceof thisdevice (outputpowerandthresholdcurrent
density)is still significantlyworstthanourpredictionsandthan
the resultsfrom stateof the art chirpedsuperlatticelasers[4],
[7], [8].

We do not yet have a goodexplanationfor theselow perfor-
mancelevels. Someindicationsaregiven however by a com-
parisonbetweenelectroluminescencespectratakenfrom aLED
[Fig. 5(a)]andsubthresholdspectraof a laserdevice[Fig. 5(b)]

processedfrom the samewafer (S1629).The electrolumines-
cencespectratakenat 85 K for increasingcurrentsin theLED
deviceshow thesamecharacteristictransitionsasin Fig. 3. The
flat-bandvoltage(5.5 V), asindicatedby thedisappearanceof
the transition,correspondsto the thresholdvoltage,
showing that the amountof Be dopinghasbeencorrectlyde-
signed.Asexpected,thereisnoStarkshift of theminigaptransi-
tion thatremainsataphotonenergy of 121meV. In contrast,the
amplifiedspontaneousemissionspectratakenfrom thefacetof
thelaserdevicesshow a progressive redshift of thepeakemis-
sion from meV to meV asthecurrentis
increased.This fairly large shift comparedto the width of the
luminescenceline occursasthe appliedvoltageis changedby
only a little morethana volt. Sucha behavior canonly beex-
plainedby assumingthat thegain of the laserpeaksat a lower
energy thanthe fundamentaltransition.Thermalpopulationof
thelower minibandcanberuledout becausethis measurement
wasperformedatlow temperature(80K) andthedevicestill op-
eratedupto 200K. A morelikely explanationis thepresenceof
a strongabsorptionpeakat anenergy closeto thefundamental
minibandtransition,pushingthe laseroperationtoward longer
wavelengths.This absorptioncannotbe thenormalwaveguide
lossesdueto freecarrierssincethelatterwouldtendto increase
with wavelength.A possibility is that theabsorptionoriginates
from crystalimperfectionsor evennonoperatingstages.Indeed,
X-ray measurementsshow a lower crystallinematerialquality
thantheoneobtainedin our bestdevices.
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