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We evaluatedwo differentquantum-cascade-lasgructuresasphotodetectorslhefirst devicewas
a 5.3 um two-phonon-resonancstructure,and the secondone a 9.3 um bound-to-continuum
transitionlaser The 5.3 um structurehad a peak responsivityof 120 uA/W at 2200 cm™ ! and
functionedup to 325 K. On the otherhand,the 9.3 um devicealsoworkedup to 297K but hada
lower responsivityof 50 wA/W at 1330cm™ L. Sincethe absorptionpeakof thesedevicescanbe
shifted by applying an externalbias, we envision interestingapplicationsin free-spaceoptical

telecommunications.

Quantumwell infrared detectors(QWIPS for thermal
imaging systemshavebeeninvestigatedextensivelyfor sev-
eral years.Todays state-of-the-arsystemsconsistof arrays
with thousandof QWIPswhich candetectthermalimages
at high resolutionand with a low backgroundimited infra-
red performanceemperaturé:? The detectorsusedin these
systemsare optimizedfor high sensitivity and function usu-
ally at cryogenictemperaturesRecently new applications
suchashigh speedmodulatorsand detectordbasedon inter-
subbandtransitions have been proposed Becauseof the
shortintrinsic carrierlifetimesobservedn intersubbandran-
sitions, this type of infrared detectorshould have superior
high frequencypropertiesthan comparableHgCdTe-based
interband photodetector. Although the responsivity of
QWIPs,especiallyatroomtemperatureis relatively low, the
possibility of havingthemmonolithically integratedwith ac-
tive componentsfor instancelasers,offers entirely new av-
enuesfor telecommunicatiorsystemsbhasedon intersubband
devices.The mostimportantfeatureof detectorsn suchsys-
temsis their high speedvhich determineghe maximalband-
width. Although telecommunicationexperimentsusing di-
rectly modulatedquantum-casadéQC) lasershave so far
relied on HgCdTe detectors,® intersubbanddetectorsand
intra-cavitymodulatorsseemto be bettersuitedfor this task.
Accordingly, we presentin this article two examplesof how
QC structurescanbe usedasinfrared photodetectorat tem-
peraturesup to room temperature.

Growth of the samplesfor the presentedexperiments
was basedon molecular beam epitaxy of lattice matched
INg 5dG&y 47AS/INg 5Al 5 46AS layersfor S1848and of strain-
compensatedng ¢Ga, AS/INg 1Al g s6AS layers for S1869.
Both structureswere grown on InP substratesS1848was a
bound-to-continuuntransitionlaserat 9.3 um, while S1869
wasatwo-phonon-resonandaserstructurewith anemission
wavelengthof 5.3 um. The two lasersalongwith the corre-
sponding measurementresults are described in detail
elsewher€:® The 9.3 um bound-to-continuundevice was
processednto 200X 200 um? squaremesastructureswith a
45° facetfor efficientlight coupling.For the 5.3 um device,
we chosea 300-um-long and 40-um-wide ridge waveguide
architecturewith a cleavedback facetand a 45° tilted front
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facet. For testing, we solderedthe sampleson copperheat
sinksandmountedtheminto a liquid nitrogenflow cryostat.
The cryostatwas placedin the samplecompartmentof a
Fouriertransforminfrared spectrometewhoseglowbarlight

sourceilluminated the samples 45° facetvia an f/1.0 beam
condenserThe absoluteresponsivityvaluescould be deter

minedusinga QC laserat 4.6 um (2200cm™ ). Responsivi-
ties of the two detectorswere measurecat 2200cm * and
corrected at the respectivepeak values (2200 cm™?* for

S1869and1330cm ! for S1848.

As presentedn Fig. 1, a comparisorbetweencomputed
and experimentallydeterminedtransitionenegiesin S1848
showsreasonabl@greementThis is alsotrue underapplica-
tion of a positive biasof up to 6 V. Positivebiasmeanshere
inversely polarized than when used as laser Figure 2(a)
showsthe entire photocurrentspectrumof S1848measured
without bias and for differenttemperature®etween85 and
210 K. The double peaksare due to transitionsfrom the
higher levels (7, 6, 5, and 4) into the two lowest enegy
levels*'1’’ and‘“2"’ which are separatedyy oneoptical pho-
nonenegy. Indeed thetransitionenegiesin Fig. 1 aresepa-
ratedby about36 meV. At low temperatureye observedat
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FIG. 1. Measuredemptysymbolg andcomputedfilled symbolg transition
enepgies as a function of applied bias for sample S1848. Shown are the
transitions4-2 (circles and 4-1 (triangles. The inset showsone period of
the conductionbanddiagramof S1848at zerobias. The shadedareacorre-
spondsto the position of the injector miniband;andthe moduli squaredof
the relevantwave functionsare numberedrom 1 to 7.
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FIG. 2. Photocurrenspectraof sampleS1848asa function of temperature
(a) andas a function of positive bias voltage (b). The curvesin figure (a)
were measuredat zero bias and at 85, 135, 160, and 210 K, whereasthe
curvesin figure (b) wereat 85 K and with abiasof 0, 2,4, and6 V (in both
caseggoing from top to bottom).

an enegy of about3300cm 2, a striking absenceof signal

which can be explainedby capturingcarriersinto impurity
levels.As the comparisorbetweerFigs.2(a) and2(b) shows,
this effect is not persistentespeciallyafter having held the
sampleat low temperaturegor a sufficiently long time. In
Fig. 2(b), we presenta seriesof photocurrentspectraof
S1848underincreasinglypositive bias and at 85 K. While
the majority of the photocurrentpeaksdisappeamalreadyat
+4 V, the two main peaksshow at the sametime a Stark
tuning towardssmaller enegy and a signal decreaseof al-
mosttwo and a half ordersof magnitude.The tallest peak
shifted from 1560to 1450 cm™%; mostof the higherenegy
peaksdid not shift becausehey are due to vertical transi-
tions.

Figure 3(a) is the equivalentmeasuremerio the onein
Fig. 2(a), but this time using sample S1869. Due to the
deeperquantumwells and thereforea reducedthermionic
emissionout of the ground stateat 5.3 um, this detector
could be usedup to room temperatureand slightly above
(325K). In addition, its much higherresistanceeducedthe
noise considerablyAt 3300cm %, impurity featuresappear
asin the formersample In Fig. 3(b), we showthe photocur
rent spectrafor different positive bias voltageson sample
S1869andat a temperaturef 200 K. We observeda similar
behavioraswith the othersampleS1848.By applying+8 V,
we wereableto decreas¢he main peakby a factor of 50. At
the sametime, a Stark shift towardssmallerenegy, namely
from 2200to 2100cm %, wasseen.

When measuringthe photocurrentunder increasingly
positive bias at the wavelengthof the correspondingaser
samplewe sawin bothcasesa sharpdecreasef thedetector
signal.Again, this was partly dueto the net signalreduction
at higher bias voltage, but also becauseof the Stark tuning
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FIG. 3. Photocurrenspectraof sampleS1869asa function of temperature
(a) andas a function of positive bias voltage (b). The curvesin figure (a)
were measuredat zero bias and at 85 (bold line), 150 250, and 325 K,
whereasthe curvesin figure (b) were at 200 K and with a bias of 0
(currentscalex 1.5), 4, 6, and8 V (in bothcasegoingfrom top to bottom).

which shifted the peakaway from the laserwavelength.In
this configuration,we observedfor S1869 (1900 cm™}) a
factor of 200 betweenphotocurrentsignal without bias and
with +8.0 V bias. For the 9.3 um detectoy the effect was
less pronouncedput we still got a factor of 25 signal de-
creaseat the lasing wavelength(1100 cm %) and for 85 K.
Underforward bias(negativevoltageon the top contac}, the
signaldisappearedompletelyalreadyat —3 V. While at for-
ward bias,the signhaldecreasés dueto alossof the electron
populationinto theinjector, the signaldiminutionunderposi-
tive biasis dueto a decreaseén photoconductivegain. This
hypothesiss supportedby the fact that the computedoscil-
lator strengthsncreasdor larger positivebiasesAt thesame
time, we observea decreasingoverlap betweenthe upper
stateof the main QW andthe uppermostvave functionsof
theinjector miniband;leadingto a netdecreas®f the escape
probability The externalcontrol capability of the absorption
peakandthe electronpopulationpotentiallyallowsthe useof
such structuresas intra-cavity modulatorsfor high-speed
modulatedQC lasersin free-spaceelecommunicatiorsys-
tems.Becauseof their small size,suchmodulatorswill have
alow capacitanceywhich resultsin high modulationfrequen-
cies.

For the responsivitymeasurementsye setthe external
4.6 um QC laserat an averageoutput power of 10 mW for
the 5.3 um detectoy and an averagepower of 40 mW for
S1848.For S1869,we found a responsivityof 120 uA/W,
while in S1848a valueof 50 uA/W wasseen.Theserespon-
sivity valueswere nearly constantover temperature how-
ever sincethedeviceresistancalecreasedt highertempera-
tures, we neverthelessobserveda net signal decreaseas
shownin Figs. 2(a) and 3(a).

As knownfrom the QWIP theory a gooddetectorshould



havenegligible interwell tunneling,a constantelectronden-
sity in the wells, an ideal injection, andfinally, a resonance
betweerthe upperstateof the detectorquantumwell andthe
upperband edgeof the barriet® In the caseof a QC laser
structureused as detectoy the upper stateis also a bound
stateand thereforecannotbe in resonancewith the upper
bandedge.This featurewill hamperboth escapeand captur
ing probability As far asthe capturingprocesss concerned,
we find that evenat zero bias, thereis a potentialgradient
from the injection barrier towards the extraction barrier
which alsodetermineghe directionof the photocurrentThe
dark current points into the samedirection under reverse
bias, but is oppositeunderforward bias. Sincethe injection
barrieris very high, the captureprobability, p., will be es-
sentially1, evenat highly positivebias.The escapeprobabil-
ity can be approximatelydeterminedusing the experimen-
tally knownresponsivityR; , whichis relatedto the photonic
gain (andthereforethe escapeprobability) andthe quantum
efficiency via R;= (e/hv) ngpnoro- Here,hv is the transition
enegy ande the elementarychage. The quantumefficiency
7, can be calculatedwith the formula for the intersubband
absorptioncoefficient!® This procedureresultsin roughly
7n=1%. Using this value,we find an escapeprobability of
aboutp,=0.05.Given an intersubbandransitionlifetime of
1 ps,we find thatthe escapdime mustbe on the orderof 20
ps; this soundsreasonableaiven the effective injection bar
rier height. A comparisonof the photoconductivegain,
9photo= Pe/N P, of a QWIP anda QC laserstructurereveals
that a QWIP with 35 periodsand p,=1 and p,=8x 10?2
would have a photoconductivegain of 0.36, our structures
with pe=0.05 and p,=1 would result in gpo=1.42
% 10" 3; which is a factor of 250 smallerthanin the QWIP.
SincetheresponsivityR;, dependdinearly onthe photocon-
ductive gain, we could multiply our valueswith the above
factor 250 in order to have a fairer comparisonwith the
performanceof QWIPs®

Clearly, the large captureand small escapeprobabilities
severelyreducethe photoconductivegain and thus the re-
sponsivity of our detectorsHowever in our casethe noise
gain, g,=(1—ps/2)/Np., becomessmall'? meaningthat
we might profit from animprovednoisebehavior Sinceour
detectorshavetheir bestperformanceat zerobias, therewill
be no dark currentnoise.The remainingpossiblenoisecon-
tributionsarethereforeJohnsomoiseandphotonnoise.The
photonnoise,which is given by |%,photon: 4ednl photorA T, IS
small for both devices;namely about|, jniori= 10 pA. For
the Johnsomoise,the noisemeansquarecurrentis given by
Iﬁ’3=4kBTAf/R with R beingthe deviceresistancekg the
Boltzmannconstant,T the temperatureand A f =30kHz the
measurement bandwidth. At room temperature (R

=25.4k(), becausef the strain-compensatechaterialwith
high barrierg, we compute for the 5.3 um device I, ;
=0.14nA. For the 9.3 um detector(R=66(1), the com-
putedl, ; atroomtemperaturés 2.7 nA. Thedominantnoise
sourcein our detectoramustthereforebe Johnsomoise.

Basedon the aboveresultsand by defining the noise
equivalentpower (NEP) via NEP=1, ;/R;, we cangive ap-
proximatenumbersfor the detectivity D* of our detectors.
Using D* =[ (AfA)Y?]/NEP with A being the device area,
we find for S1869at 2200cm ! a value of D* =1.63x 1¢°
(cn?Hz)Y2W, while for S1848at 1330 cm %, the corre-
spondingvalueis 6.41x 10* (cn? Hz)Y2/W. Accordingto our
considerationgboutp, andp., QC laserstructuresusedas
photodetectorsuffer from a factor of about250 in respon-
sivity. With this factor, D* would becomecomparableto
literaturevaluesof state-of-the-arQWIPsor room tempera-
ture HgCdTe detectors.

In conclusion,we have presentedwo QC laser struc-
tures used as infrared detectors.On the basisof the high
captureandthe low escaperobability of the activewell, the
small responsivityand the low detectivity of thesedevices
arewell understoodDue to the fact that a coupleof volts is
sufficient to shift the absorptionpeak, we attribute a high
applicationpotentialto thesedevices.
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