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Terahertz range quantum well infrared photodetector
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We demonstratech GaAs/AlGaAs-basedar-infrared quantumwell infrared photodetectorat a
wavelengthof A=84 um. The relevantintersubbandransitionis slightly diagonalwith a dipole
matrix elementof 3.0 nm. At 10 K, a responsivityof 8.6 mA/W and a detectivity of 5x 10’
cmHz/W havebeenachieved;and successfubletectionup to a devicetemperatureof 50 K has
beenobservedBeingdesignedor zerobiasoperationthis deviceprofitsfrom arelativelylow dark

currentanda good noisebehavior

In recentyears,therehasbeenan increasinginterestin
the fabricationof so-calledterahertz(THz) emittersand de-
tectors. While electronic devices like Gunn diodes or
Schottkydiode frequencymultipliers try to reachthis range
from the low frequencyend,opticaldevicedike gasor semi-
conductorasersarequickly movinginto the THz rangefrom
the high frequencyside! 2 Sincethe THz regionis tradition-
ally definedas0.1-3 THz, the currently availablequantum
cascaddaser(QCL) sourceswith A\=87 um canalreadybe
regardedas THz sources.At low temperaturesthey emit
severalmilliwatts of continuouswave outputpower On the
electronicsside, Gunn diodes and frequency mixers have
also achievedseveralmilliwatts of radiated power at fre-
quencieson the order of hundredsof gigahertZ Oncethe
entireTHz frequencyrangeis fully accessibldy convenient
radiationsourcesi,t is obviousthat the nextimportantstep
towards applicationsis the developmentof suitable detec-
tors. Like any othertype of electromagneticadiation, THz
wavesor pulsescan be detectedby coherentor incoherent
means.Most coherentdetectionschemesautilize frequency
conversion,whereasincoherentmethodsare basedon the
heatproductionof absorbedadiation. Typical examplesof
heatdetectoranclude Si-bolometersor pyroelectriccrystals
like deuteratedtriglycerine-sulfate(DTGS); on the other
hand, Schottkydiode mixers? nonlinearoptical crystalslike
{110} ZnTe? andgatedphotoconductiventennasiretypical
coherentdetectionschemes. As a further incoherentsolu-
tion, semiconductebasedquantum-typeapproachesike bi-
asedsuperlatticeaveattractedsomeattention® Bolometers
arein generalhighly sensitive but like all heat-basedletec-
tion schemesthey are intrinsically slow and built for very
low temperatureperationonly.’ DTGS detectorsand pyro-
electriccrystalsoffer the advantagef fasterdetectionat the
prize of reducedsensitivity Finally, extrinsic photoconduc-
tors such as dopedGe detectorsare fast and sensitive,but
they mustbe cooledto 4 K. Quite generally coherenttech-
niguesprofit from a goodsensitivity butthey areexperimen-
tally more sophisticatedthan incoherentones'® Although
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semiconductoilquantumdevicesmight not be highly sensi-
tive, their potentialfor massfabricationand integrationby
meansof semiconductodevice technologyis very appeal-
ing. This hasbeenprovenby differenttypesof quantumwell
infrared photodetector§QWIPS which work in a variety of
different wavelengthranges:*? By further exploiting the
concept of using QCL-like structuresas detectors?® we
presentherea THz detectorbasedon a GaAs/AlGaAsbased
superlatticestructure . The advantagef this approachis that
electronswill be trappedin the subsequentctive well as
soonas they have madetheir contributionto the photocur
rent; resultingin a good noise behavior Although this hap-
pensat the costof a small photoconductivegain, it is prob-
ably the mostpromisingapproachfor a far-infrared QWIP.
Growth of the structureswas basedon molecularbeam
epitaxy on a semi-insulatingGaAs substrate.On top of a
6000-A-thick, n-doped (Si,2x 10'® cm %) GaAs contact
layeranda 200 A undopedGaAsspaceirayer, 60 periodsof
the following layersweregrown (thicknessesn A): 45, 110,
40, 135, 38, 145 36, 180, 34, 210, 15, 100—wherebold
typeface denotesAl, 1Gay g5AS barriers and roman GaAs
wells; underlining marks the only n-doped (Si,6
X 10' cm™3) layer, resultingin an effective sheetcarrier
density of 8.7x10° cm 2. After a last 45 A barrier and
another200 A spacer 1000 A n-doped(Si,2x 10 cm™?3)
GaAswas depositedas top contactlayer. The overall com-
positionandthe periodof the superlatticevere confirmedby
x-ray diffraction. After growth, the sampleswere processed
into squareshapedmesasof different sizes(900, 450, 220
um) using standardphotolithographyand wet etchingwith
H,SO,:H,0,:H,0 (ratio 1:8:1). Thefirst depositedmetalli-
zationin the areaoutsidethe mesas,100/350nm thermally
evaporatedseAu/Au, was annealedat 400°C for 60 s and
servedas bottom ohmic contact.On top of the mesas,we
evaporateda 100-nm-thickmetallic grating (GeAu) with a
period of 15 um. This was then partly coveredby another
metallizationlayer (Cr/Au, 10/200nm) to enablesubsequent
wire bondingfor thetop contact.Thesetop metallayerswere
annealedat 320°C for 60 s. The samplewas solderedon a
coppersubmountand its top contactswere bondedto Au-
coatedceramiccontactpads.The bottom contactwas con-
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FIG. 1. Self-consistentlycalculatedconductionbandstructureof A2879 at

10 K. Onefull period, surroundedby adjacentparts of the previous/next
period, is shown.The observedtransitionstake place betweenthe ground
state0 andthe states4 and 5 and havecomputedenegiesof 13.7and16.0

meV. The states3, 2, and 1 providethe relaxationchannelfor the electrons
to the groundstateof the next period.

nected directly to the copper submount.All experiments
weredonewith the sampleheld on the cold finger of a liquid
He-flow cryostat.Spectralphotocurrentmeasuremente/ere
donewith a Nicolet Fouriertransforminginfrared spectrom-
eter (FTIR) using the internal glowbar as the light source.
The samplewas placedat the focus of an f/2.0 beamcon-
denseiin the samplecompartmengandilluminatedon its top
face where the diffraction by the grating provided optical
coupling to the active layers. Similar resultswere obtained
by illuminating from the side througha 45° polishedfacet.
The signalwas amplified by an EG&G voltage preamplifier
and fed backto the FTIRs internal circuitry. In the caseof
applied bias voltages,the samplewas connectedin series
with a resistanceacting as current-voltage converter—
otherwise the devicewasdirectly connectedo the preamp-
lifier, thus effectively usingthe internalresistancef the de-
vice as transimpedanceResponsivitymeasurementsvere
carriedout by illuminating the samplewith an 87 um QCL
whoseintensity versuscurrent(L—1) curve hadbeenprevi-
ously measuredwith a thermopile powermetet* Finally,
dark currentmeasurementaere donewith a Keithley 2400
SourceMeteat differenttemperaturedetweent and 150 K.
In Fig. 1, we presenta self-consistentlycomputedcon-
duction banddiagramof our structure.The calculatedener-
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FIG. 2. Measurementsf | -V characteristicat temperaturesf 6, 8, 10,13,
15,17, 20, 25, 30, 35, 40, 50, 60, 75, 100, and 150 K. The insetshowsan
Arrheniusplot (¢ ) of currentdensitiesat 50 mV bias.The solid line is a fit
resultingin an activationenegy of 13.2meV which is in good agreement
with the (0—4) transitionenegy of 13.7 meV.
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FIG. 3. Photocurrenspectraof the device,illuminatedwith blackbodyra-

diation from the internal glowbar of the FTIR. The different peakscan be

identifiedwith calculatedtransitionenepies.

giesfor thediagonaltransitionsfrom the groundstateO up to

states4 or 5 are 13.7 and 16.0 meV. We also observedthe

transitionsfrom 0 to 6 and from O to 7, their calculated
enegiesare27.5and34.2meV. Onceexcitedinto state4 or

5, the electronshavea certaintunnelingprobability to state
3, from wherethey “slide” down to the groundstateof the

nextperiod(—3—2—1—0), effectively contributingto pho-

tocurrent. The deviceis thereforedesignedto work under
zero bias conditions, which avoids additional noise due to

dark current.

Figure2 showsdark currentmeasurementsarriedout at
different temperaturesThe region with a substantiallyre-
duced differential resistancearound —0.65 V bias corre-
spondgo the situationwherethe upperstateof the transition
(0—4) is resonantlyalignedwith the groundstateof the next
period(‘“lasing”-type of bandstructure Fromthe Arrhenius
plot displayinglogarithmicdark currentat a constantvoltage
(50 mV) versusinversetemperaturdinsetof Fig. 2), an ac-
tivation enegy of 13.2 meV could be extracted;this agrees
well with the smallestcalculatedtransition enegy (0—4,
13.7meV). For temperature®elow 20 K, a temperaturen-
dependentcomponentof the dark current gets dominant,
which we attributeto direct tunneling processescrossthe
structure.

Spectralphotocurrentmeasurementssshownin Fig. 3,
provethe usability of the sampleasdetector The large peaks
at 119 cm ! (84 um) and 135 cm ! (74 um) are at the
expectedenegies (110 and 129 cm™! from simulation. In
this configurationwe wereableto detectthe glowbarupto a
detectortemperatureof 30 K. Additional peaksat 219 and
297 cm™ ! arelikewise identified as transitionsinto statesé
and 7. With rising devicetemperaturdrom 10 to 30 K, the
constantphotocurrentsignal gets more and more buried in
the rising noisefloor until it is completelyconcealedabove
30 K.

Determinationof the detectorresponsivitywasdoneus-
ing a bound-to-continuun®CL at 87 um. Thelight from the
laserwas picked up directly on the outsideof the lasercry-
ostatwindow and guidedto the detectorcryostatthrougha
gold-coatedightpipe. For a total meanoutputpower of 350
#W at this place(measuredvith a thermopilepowermeter,
we first performeda lateralscanby moving the detectorcry-
ostat. Assumingcircular symmetryandintegratingthe radial
intensity profile over the entire apertureof the lightpipe al-
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FIG. 4. Biasvoltagedependentatio betweerthefirst two transitions(0—4

and0—5). The solid curveswere obtainedfrom bandstructureimulations,
the dashedcurvesare the result of spectralphotocurrentmeasurementat

different bias voltages. The insets show three of these measurementsit

—0.18,0, and +0.18V bhias togetherwith the fitted double peak Lorentz-
ians.

lowed us to calculatethe total power (in the centerof the
pipe) illuminating the samplesurface Togethemwith the pho-
tocurrentfrom the device,which wasmeasuredvith the cur-
rentinput of an EG&G 7260 lock-in amplifier triggeredby
the laserpulser a responsivityR=8.6 mA/W at 10 K detec-
tor temperaturevascalculatedTo estimatethe noiseequiva-
lent power (NEP), we performedan LI characterizatiorof
the samelaser usingour deviceasdetector Calibrationwas
done again with the powermeter using exactly the same
setupashefore At aNEPof 7 nW, thegrowingsignalduring
switch-on of the laser rose above noise level, thereforea
detectivity D* of 5x 10’ cm /Hz/W was determined Com-
paredto the performance(at 84 um) of a heterojunction
terahertzdetectorbasedon internal photoemissiort? respon-
sivity anddetectivityof our deviceareroughly two ordersof
magnituddower. On the otherhand,a 60 periodphotodetec-
tor with 100% internal quantumefficiency would theoreti-
cally resultin aresponsivityof 1.15A/W (oneelectronhasto
absorb60 photonsto passthe whole structure.

Basedon dipole matrix elementsfrom the numerical
simulation, we expectthe device to have an intersubband
absorption of about »=3% for both relevant transitions
(0—4,5. Fromthe fact that states4 and5 are (too) strongly
coupled,which is confirmedby the observeredanticrossing
behaviorunderappliedbiasvoltage(Fig. 4), anddueto the
coherentunnelingof the electronshetweenthesetwo states,
we estimatean escapeprobability of p,~0.5. Togetherwith
a capturingprobability p.=1 dueto the particulardesign,we
would expecta maximum responsivity R; = (e/hv) 7gpnoto
=(e/hv) ppe/(Np.) =18 mA/W.1®

Despitewe confirmedthe intendeddoping level using
capacitancevoltage measurementfrom our structure,ab-
sorptionwastoo weakto yield a reliableresult(<2%), even
in a multipass(four passepswaveguidegeometry One pos-
sibility is that a substantiafraction of the n-type carriersis
trappedby impurities below the ground stateand therefore
not availablefor absorptionasthe overall dopantconcentra-
tion of 8x10* cm 2 is in the sameorder of magnitudeas
the backgrounddoping. Furthermore the coupling through
the top-illuminateddiffraction grating might be quite ineffi-
cient. Yet, using a QCL as the light sourceenabledus to

detectradiationup to a detectortemperaturef 50 K; mainly
thanksto the higher brightnessof the lasercomparedo the
glowbar

As mentionedbefore,this detectorwasdesignedor op-
eration under zero bias conditions. Accordingly, applying
bias voltagesdid not improve its performancecomparedto
the unbiasedsituation.Neverthelessit allowed us to verify
whetherthe device shows a Stark shift as expectedfrom
theoreticalpredictions.Figure 4 showscalculatedoscillator
strengthdor the main transitions0—4 and 0—5 as function
of appliedvoltage(solid) andin comparisonwith measured
values(dashegl The measurecpoints were obtainedby fit-
ting the double peaksin the photocurrentspectraby two
Lorentzians;three examplesat different bias voltagesare
shown as insets.When the field changesfrom negativeto
positive values,the oscillator strengthof the 0—4 transition
increasesat the cost of the decreasingd—5 transition.As
presentedn Fig. 4, this Stark effect was clearly visible in
both experimentand simulation.

In summary a GaAs/AlGaAs-base@W!IP detectingat
3.5 THz was demonstratedlt is basedon a QCL-like band
structureand we successfullyoperatedthe devicein a tem-
peraturerange between10 and 50 K. At the wavelength
A=84 um anda devicetemperatureof 10 K, a responsivity
of 8.6 mA/W and a detectivity of 5x 10’ cmHz/W have
beenachievedBasedon the resultsobtainedwith this detec-
tor, we believe that an improved fabrication processand a
careful redesign,especially increasingthe doping density
and engineeringof the involved oscillator strength,will re-
sult in a performanceémprovementin termsof both operat-
ing temperatureand detectivity
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