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GaNÕAlN-based quantum-well infrared photodetector for 1.55 mm
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We reportopticalabsorptionandphotocurrentmeasurementson a GaN/AlN-basedsuperlattice.The
opticalabsorptionhasa full width at half maximumof 120meVandtakesplaceat anenergy of 660
meV ~5270 cm21); this correspondsto a wavelengthof 1.9 mm. While the optical absorption
remainedunchangedup to room temperature,the photocurrentsignalcould be observedup to 170
K. With respectto the optical absorption,the photocurrentpeak was slightly blueshifted~710
meV/5670 cm21) and had a narrower width of 115 meV. Using this quantum-well infrared
photodetector, we wereableto measurethespectrumof a 1.55mm superluminescentlight-emitting
diode.
Optical devicesbasedon intersubbandtransitionshave
seena decadeof tremendousprogresswhich led, among
other milestones,to the demonstrationof room temperature
continuouslyoperatedquantumcascade~QC! lasers,1 far in-
frared QC laserswith an emissionwavelengthof 87 mm,2

room temperature quantum-well infrared photodetectors
~QWIPs! at 10 mm,3 and highly sensitiveinfrared cameras
basedon arraysof QWIPs.4 All these-impressiveresultshave
triggered the implementationof intersubbanddevicesinto
‘‘real-world’’ applicationslike optical gassensors,5 process
monitoringsystems,6 andwirelesstelecommunicationtrans-
mittersor receivers.7 For the latter, thereexist basicallytwo
differentpossibilities:onecaneitherwork in oneof the at-
mosphericwindow regionsandutilize, for instance,standard
10 mm QC lasersin conjunctionwith QWIPs or classical
mercury–cadmium–telluridedetectors;or use1.55mm inter-
band lasersand detectthe radiationwith fast near-infrared
~near-IR! interbandor intersubbanddetectors.Sinceits con-
ductionbanddiscontinuityis on theorderof 2 eV, themate-
rial combinationAlN/GaN is the ideal material systemfor
such near-IR itersubband detectors. Gmachl et al.8 and
Iizuka et al.9 havedemonstratedoptical intersubbandabsorp-
tion on GaN/AlN-superlattices;they reachedwavelenghtsas
shortas1.35mm. Recently, our researchgroupsin Neuchâtel
andCornellobservedintersubbandabsorptionin thetriangu-
lar well of a GaN/AlGaN-basedfield effect transistor.10 In
yet anotherline of research,Gopal et al. showedintersub-
bandabsorptionin InGaAs/AlAsSbquantumwells at wave-
lengthsof 1.35mm.11 All of thesedevices,however, werenot
electrically active,which so far preventedthem from being
useful for practical applications.In this letter, we conse-
quentlypresentresultson a GaN/AlN-basedQWIP working
at wavelengthsdown to 1.55mm.

Growth of thesesuperlatticeswas basedon molecular
beamepitaxyon c-facesapphiresubstrates.Thermalsources
for the group III elements,and a remote radio frequency
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sourcefor the atomicnitrogenwereusedin the epitaxysys-
tem.After a very thin AlN nucleationlayer, a 500-nm-thick
n-doped ~Si, 531018 cm23) Al0.5Ga0.5N buffer layer was
grown, followed by a 20 period GaN/AlN superlatticewith
20 Å thicknessfor eachlayer andn-dopedwells ~Si, nomi-
nally 531019 cm23!. The top layer was a 100-nm-thick
n-doped~Si, 1.531018 cm23) Al0.5Ga0.5N layer. The com-
positionsand the thicknessesof the superlatticewere con-
firmedby x-ray diffractionandtransmissionelectronmicros-
copy ~TEM!. Capacitance–voltagemeasurementson the as-
grown wafer revealeda doping level of 1–231018 cm23

for the top Al0.5Ga0.5N layer; due to the relatively large
thicknessof the latter, the carrier density in the underlying
wells couldnot beaccuratelydetermined.TheTEM analysis
revealeda certainsurfaceroughnesswhich did not adversely
affect the optical propertiesof the device.After growth, the
samplesweremetalizedusinga shadowmaskwith 800 mm
wide openings.We first depositeda Ti/Al/T i/Au ~40/200/40/
200nm! ohmiccontactwhich wasannealedat 800°C for 60
s. Betweenthe annealedohmic contactstripes,we evapo-
rated stripe-shapedPd/Au ~40/200 nm! Schottky contacts.
The wafer was thenpolishedin a standardmultipasswave-
guidegeometrywith two parallel45° wedgesanda polished
back~seeinsetof Fig. 1!. Dueto thehugesizeof thecontact
stripes~800 mm33 mm!, we observedrather large leakage
currentsacrossthe diode. Using a small In dot which was
squashedtowardsthe polishededgeof the wafer, we con-
nectedthe ohmic top contact—andprobablyalsothe under-
lying superlatticeand the buffer layer—to the coppersub-
mount, whereasthe Schottkycontactwas bondedto a Au-
coatedceramiccontactpad. Due to the rather low lateral
conductivityof thetop contactlayer, thesuperlatticewasnot
short-circuitedby the In dot.

All experimentswerecarriedout in thesamplecompart-
mentof a Nicolet Fourier-transformspectrometer~FTIR! us-
ing the internalwhite-light sourcewith beamcondenser, the
internalroomtemperaturedeuteratedtriglycine sulfatedetec-
tor, andthequartzbeamsplitter. Thesamplewasheldon the
cold finger of a liquid He-flow cryostat.The background
measurementsfor the optical absorptionwere doneusing a
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metalgrid polarizerin TE orientation.For photocurrentmea-
surements,an EG&G voltage amplifier was connectedbe-
tween the Schottky and the ohmic contactsof the device.
Betweenthose two electrodes,the photocurrentinduceda
small, but measurablevoltagedifference;the output of the
amplifierwasfed into theexternaldetectorport of theFTIR.
The photocurrentexperimentwasdoneat low temperatures,
typically between10 and 170 K. For the optical absorption
measurements,whereno differencewasseenbetween77 and
300 K, we measuredusuallyat room temperature.

In Fig. 1, we presenta computedbanddiagramof our
structure.Theconductionbanddiscontinuitywasassumedto
be 2.1 eV. All layer thicknessesare 20 Å, and the internal
fields at eachinterfaceare 66.5 MV/cm.12 The simulation
wasdoneassuminga superlatticewith an infinite numberof
periods,no boundaryeffects, and no externalbias voltage.
Basedon theseassumptions,we founda transitionenergy of
610 meV and a dipole matrix element ~an integral @z21#
5*w2* (z)•z•w1(z)•dz describing the spatial overlap be-
tween2 electronicwavefunctions! of 4.9Å betweenthefirst
excitedstateand the groundstate.Betweenthe secondex-
citedstateandthegroundstate,therespectivenumberswere
1.24eV and0.1Å. Figure2 showsa comparisonbetweenthe
optical absorptionsignal at room temperature,at 77 K, and
the photocurrentmeasurementsat 10 K for both TE, and
TM-polarized light. Electromodulatedabsorptionmeasure-
mentslike describedin Ref. 10 weretried aswell, but dueto
the large thicknessof the top Al0.5Ga0.5N contactlayer and
the high dopinglevel in the wells, no depletionof the latter
could be achieved.The optical absorptioncurveswere ob-
tainedfrom measurementsunderbothpolarizations,andsub-
sequent normalization using the formula aL
5Log(TTE /TTM). TTE and TTM are the transmittedintensi-
ties in thetwo polarizations,andaL is theabsorbanceof the
structure.Fromthe integralundertheabsorbancecurves,we
deduceda carrier densityof 6.531019 cm23; this value is
consistentwith the intentionaldoping level in the wells. In
order to excludethe effects of the top metalization,optical
absorptionwas measuredin an areawithout metal.The ab-
sorptionsignalpeaksat 5270cm21 ~660 meV/1.9mm! and
showsa full width at half maximum~FWHM! of 120 meV.
The absorptioncurvesat 77 andat 300 K werenearly iden-
tical. Since the number of electronsin the wells remains
essentiallythesame,theamountof opticalabsorptiondid not

FIG. 1. Schematicconductionband structureof a GaN/AlN superlattice
with 20-Å-thick well and barrier layers. The observedtransition, DE21 ,
takesplacebetweenthe ground stateand the first excitedstateand hasa
computedenergy of 610 meV. The inset showsa schematiccrosssection
throughthe sample.
change.The TM photocurrentsignal is slightly blueshifted
with respectto the absorption,peaksat 5670 cm21 ~710
meV/1.76mm! andhasa FWHM of 115 meV. This blueshift
is expectedbecauseoptical absorptionis possibleassoonas
theenergy exceedsthetransitionenergy, leadingusuallyto a
Lorentzianline shape.The photocurrentin our device,how-
ever, is a product betweenthe Lorentzian absorptionline
shapeand the tunnelling probability, which increasesexpo-
nentially with decreasingbarrier height. Due to this effect,
the high energy tail of the initial absorptioncurve is en-
hancedquite considerably;resulting in the observedblue-
shift. The inset of Fig. 2 shows dark current versusbias
voltage for temperaturesof 10, 100, 200, and 300 K. As
mentionedbefore, these large Schottky diodes were rela-
tively leaky with dark currentdensitieson the orderof sev-
eral tensof mA/cm2 at low biasvoltagesof 0.2 V.

In order to obtain the responsivityof this QWIP, we
replacedthe internal white-light sourceof the spectrometer
by a narrow emissionroom temperatureoperated1.55 mm
superluminescentlight-emittingdiode~SLED!. In Fig. 3, we
presentseveralphotocurrentmeasurementsas a function of
temperatureusing the white-light source; and one curve
showing the emissionspectrumof the SLED. The output
powerof the latter wassetto 1 mW; this produceda photo-
currentof 20 nA, resultingin a responsivityof R520 mA/W
at 10 K and 1.55 mm. Assuminga coupling efficiency into
the deviceof 1, we deducea peakresponsivityof Ri5100
mA/W.13 Basedon a 10 K deviceresistanceof 8.1 MV, and
consideringJohnsonnoise as the dominant noise source
(NEP5I n,Johnson/Ri545 nW!, this resultsin a detectivityof
roughly 23109 (cm2 Hz)1/2/W. Knowing further the quan-
tum efficiencyof h50.68,the conversionfactor e/hn51.41
A/W, the captureprobability of pc51, and the numberof
QWs,N520,we wereableto estimatetheescapeprobability
pe5(NpcRi)/(eh/hn)50.002. Given the barrier height of
morethan1 eV in our structure,this small valuelooks quite
reasonable.

Figure 4, finally, showsthe photocurrentversusphoton
energy curvesas a function of temperatureup to 170 K. In
the inset,we presentpeaksignal height versusbias voltage

FIG. 2. Comparisonbetweenopticalabsorptionat 300K ~circles! and at 77
K ~dashedline!, photocurrentat 10 K usingTM polarizedlight ~solid line
with triangles!, and photocurrentat 10 K using TE polarizedlight ~solid,
noisy line along the floor!. The units on the y axis are valid only for the
opticalabsorptionmeasurements.The insetshowsdarkcurrentvs biasvolt-
agefor 10 K ~lowestcurrent!, 100,200,and300 K ~highestcurrent!.
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~left half! and versustemperature~right half!. Under appli-
cationof a positivebiasvoltage,the photocurrentincreased
slightly, namelyby about25%for a voltageof 10.7V on the
Schottkycontact.Likewise, a signaldecreaseof about30%
couldbeobservedunderapplicationof a negativevoltageof
20.6 V. Basedon theseobservations,we concludedthat the
directionof theunbiasedphotocurrentis from thetop contact
towardsthe buffer layer. For highervoltagesof both polari-
ties, the signalbecameincreasinglynoisy, andno additional
measurementswere possible.Especially at very low tem-
peratures,a small shoulderon the high energy tail of the
main peakbecamevisible. The approximateenergy of 9500
cm21 and its small relative height, only about 5% of the
main peak, are consistentwith what we predictedfor the
slightly diagonalDE31 transitionin the quantumwells. Due
to the greatly reducedresidualbarrier height/thicknessand
thusthemuchhighertunnellingprobability, eventhis transi-
tion with its extremelysmall oscillator strengthcould con-
tribute to the photocurrent.

When going up to 170 K, the sensitivity droppedby

FIG. 3. Photocurrentvs photon energy curvesfor temperaturesof 10, 30,
50, and70 K. Thepeakedsignalat 1.55mm wasobtainedusinganexternal
SLED (P51 mW, T5300 K! asexcitationsource.

FIG. 4. Photocurrentvs photon energy curves,at zero bias voltage and
differenttemperaturesin stepsof 20 K from 10 K ~highestsignal! to 170K
~lowestsignal!. The insetshowsthe peakphotocurrentsignalasa function
of differentbiasvoltages~left! at 10 K; andasa function of temperatureat
zerobias ~right!.
abouttwo ordersof magnitude.A likely reasonfor this ob-
servationis the internal deviceresistancewhich eventually
getstoo low, so that the signalbecomesof comparablesize
asthe Johnsonnoise.A classicalQWIP hasits excitedstate
resonantlyalignedwith theupperbandedge.This guarantees
a high escapeprobability of the electrons,lowers their cap-
ture probability, and allows to improve the responsivityby
applying a voltageon the structure.In our case,the upper
state is still more than 1 eV below the upper band edge.
Thus,a very low probability tunnellingprocessis necessary
to enablecurrent flowing acrossthe superlattice.As seen
above,we estimatedpe50.002for this probability. Fromthis
point of view, a GaN/AlN QWIP at 1.76 mm suffers from a
similar performance problem as a QC laser used as
photodetector.13 The photoconductivegain is also low be-
causethe electronswill havea high capture,but a very low
escapeprobability. The naive estimationmentionedbefore
resultedindeedin gphoto51024. We thereforeexpecteda low
responsivity, andonly a marginal improvementunderappli-
cationof a small biasvoltage;in agreementwith the experi-
mental findings. However, since the noisegain is small as
well, thenoisebehavioris quitegood,which is confirmedby
the detectivityvalueof 23109 (cm2 Hz)1/2/W.

In conclusion, we have presenteda GaN/AlN-based
QWIP which is mostsensitiveat a wavelengthof 1.76 mm.
Using this structure,we were able to measurethe emission
spectrumof a 1.55 mm SLED. This result is an extremely
importantmilestonetowardsthedemonstrationof a high per-
formance intersubbanddetector at the telecommunication
wavelengthof 1.55mm.
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Niquille, andJérôme Faist~both Uni NE!, andfunding from
the ProfessorshipProgramof the Swiss National Science
Foundation, the ONR NICOP program, Contract No.
N00014021095of the US Office of Naval Research,and
NSF ProjectNo. 0123453.

1M. Beck, D. Hofstetter, T. Aellen, J. Faist, U. Oesterle,M. Ilegems,E.
Gini, andH. Melchior, Science295, 301 ~2002!.

2L. Ajili, G. Scalari,D. Hofstetter, M. Beck,J.Faist,H. Beere,G. Davis,E.
Linfield, andD. Ritchie,Electron.Lett. 38, 1675 ~2002!.

3H. C. Liu, R. Dudek,A. Shen,E. Dupont,C. Y. Song,Z. R. Wasilewski,
andM. Buchanan,Appl. Phys.Lett. 79, 4237 ~2001!.

4S. D. Gunapala,S. V. Bandara,J. K. Liu, W. Hong, M. Sundaram,P. D.
Maker, R. E. Muller, C. A. Shott, andR. Carralejo,IEEE Trans.Electron
Devices45, 1890 ~1998!.

5D. D. Nelson,J. H. Shorter, J. B. McManus,and M. S. Zahniser, Appl.
Phys.B: LasersOpt. B75, 343 ~2002!.

6A. A. Kosterev and F. K. Tittel, IEEE J. QuantumElectron. 38, 582
~2002!.

7R. Martini, R. Paiella,C. Gmachl,F. Capasso,E. A. Whittaker, H. C. Liu,
H. Y. Hwang,D. L. Sivco,J.N. Baillargeon,andA. Y. Cho,Electron.Lett.
37, 1290 ~2001!.

8C. Gmachl,H. M. Ng, andA. Y. Cho,Appl. Phys.Lett. 79, 1590 ~2001!.
9N. Iizuka, K. Kaneko,N. Suzuki,T. Asano,S. Noda,andO. Wada,Appl.
Phys.Lett. 77, 648 ~2000!.

10D. Hofstetter, L. Diehl, J.Faist,J.Hwang,W. J.Schaff, L. F. Eastman,and
C. Zellweger, Appl. Phys.Lett. 80, 2991 ~2002!.

11A. V. Gopal,H. Yoshida,T. Simoyama,N. Georgiev, T. Mozume,andH.
Ishikawa,Appl. Phys.Lett. 80, 4696 ~2002!.

12O. Ambacher, B. Foutz,J. Smart,J. R. Shealy, N. G. Weimann,K. Chu,
M. Murphy, A. J. Sierakowski,W. J. Schaff, L. F. Eastman,R. Dimitrov,
A. Mitchell, andM. Stutzmann,J. Appl. Phys.87, 334 ~2000!.

13D. Hofstetter, M. Beck,andJ. Faist,Appl. Phys.Lett. 81, 2683 ~2002!.


