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Midinfrared intersubband absorption on AlGaN ÕGaN-based
high-electron-mobility transistors
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Intersubband absorption measurements on two nominally undoped AlGaN/GaN-based
high-electron-mobilitytransistorswith differentAl compositionsin the barrier layer arepresented.
Thefirst transistorwith a barrierconsistingof Al0.6Ga0.4N showedanabsorptionpeakat 247meV
~1973 cm21! with a full width at half maximum~FWHM! of 126 meV, while the seconddevice
utilizing an Al0.8Ga0.2N barrierhad its peakat 306 meV ~2447cm21! with a FWHM of 86 meV.
Self-consistentlycomputedpotentialsandintersubbandtransitionenergiesshowedgoodagreement
with theexperimentalfindings,andthereforeconfirmedpreviouslypublishedvaluesfor theinternal
piezoelectricfield in suchstructures.
During the last couple of years, the III nitrides have
attracteda lot of attentionas material for short wavelength
diode lasersand also for high power electronicdevices.1,2

More recently, experimentsdealingwith optical intersubband
transitionshavebeencarriedout and led to first promising
results.Intersubbandtransitionson visible light emitting di-
odeshavebeenreported3 andGmachlet al. measuredoptical
intersubbandabsorptionon specificallydesignedmaterialat
1.7 and 1.55 mm.4,5 Optical intersubbandabsorptionat a
wavelengthof 4 mm hasalsobeenobservedon AlGaN/GaN
superlatticesby Iizuka et al.6 Thereasonwhy thenitridesare
an interestingmaterial for light emittersbasedon intersub-
band transitions is their high conduction band
discontinuity.7,8 The latter could eventually lead to light
emissionin the commerciallyinterestingwavelengthrange
around1.55 mm. Oneof the key featuresis the large lattice
mismatchbetweenGaN and its relatedcompoundsInGaN
andAlGaN. More particularly, if AlGaN is grownon a thick
GaN layer, then the lattice mismatchbetweenGaN andAl-
GaN resultsin a tensilestrainedAlGaN layer. SinceIII ni-
tridesgrown on sapphirehavea hexagonalcrystalstructure,
the centersof gravity for the positive and negativecharges
within thecrystalseparateassoonaspressureis appliedonto
thelattice.9 Onanatomicscale,electricaldipolesareformed;
and these add up to a large piezoelectric field at the
heterointerface.10,11 This featureof theAlGaN/GaNmaterial
systemis advantageouslyusedfor the fabrication of high-
electron-mobility transistor ~HEMT! structures:the piezo-
electricfield inducesa two dimensionalelectrongas~2DEG!
at theAlGaN/GaNinterface.This 2DEG canbe depletedor
enhancedusinga Schottkygatecontact;the 2DEG actsthen
asbarrierlayerof a field effect transistor.12 With thetriangu-
lar well formedat theAlGaN/GaNinterfacebeingrelatively
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deep, intersubbandtransitions at midinfrared wavelengths
can be observed.Thanksto the piezoelectricfield and the
single heterointerfaceforming togetherthe triangular well,
onecould hopeto observenarrowerspectrallinewidthsthan
when using rectangularwells with two barrier layers and
thus two interfaces.In this letter, we will thereforepresent
transmissionmeasurementsof suchintersubbandtransitions
for two differentHEMT structures.Similar experimentshave
beenperformedon Si inversionlayers,13,14 and on modula-
tion dopedGaAs/AlGaAsstructures.15 By performingself-
consistentcalculationsof the potentialand the electrondis-
tribution at the interface, we will furthermore gain
informationaboutthe sizeof the internalpiezoelectricfield.

Fabricationof thesesamplesrelied on molecularbeam
epitaxyon a C-facesapphiresubstrate.Growth startedwith
200 Å of pure AlN, and continued with a 1.2-mm-thick
nominally undopedGaN buffer layer, on top of which an
undoped150-Å-thick Al xGa(12x)N barrier layer wasgrown.
The top layer, finally, was an undopedGaN contact layer
with a thicknessof 20 Å. Two differentsampleswereinves-
tigated;sampleGS1274had an Al mole fraction of x50.6,
while the secondsample,GS1282,had an Al contentof x
50.8. Capacitance–voltage ~C–V! measurementsrevealed
that the thicknessof the two uppermostlayers,which corre-
spondsto the positionof the 2DEG,was170 and150 Å for
the 60% and the 80% AlGaN samples,respectively. After
growth of thesestructures,we cleavedrectangularpieces
with a sizeof about4310mm2. Thebackandthe two long
sideswere polishedto optical mirror quality. The inset of
Fig. 1 ~bottom! showsa schematicsideview of the resulting
multipasswaveguide.Its parallelogram-shapedcrosssection
enablesefficient in- and outcouplingof the light. A Ti/Pd/
Au-based~1/40/500nm! Schottkycontactfor the gateand
Ti/Al-based ~40/400 nm! ohmic contactsfor source/drain
werethendepositedby lift-of f on the top surface.Sincethe
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structurewasnot usedasa transistor, sourceanddrain con-
tactswere short circuited.The ohmic contactwas annealed
for 30 s undera N2 ambientandat 700°C. The total sizeof
thegatecontactwas0.833 mm2 with thelengthcorrespond-
ing to the width of the polishedbar.

Figure 1 shows,for both samples,the self-consistently
calculatedpotentialswith thethreelowestboundstatesin the
triangular well. Transition energies of E215222meV
(1776cm21), E315288meV (2304cm21) for GS1274,
and of E215297meV (2376cm21!, E315383meV
(3064cm21) for GS1282 are predicted. Although the
Schottkycontactsfor the two sampleswere of slightly dif-
ferent composition ~GS1274without Ti, GS1282with Ti
layer!, we assumedfor the two casesan equivalentlycalcu-
latedbarrierheightof 1 eV11.9eV3p ~with p beingtheAl
mole fraction!.

For the transmissionexperiment,a Fourier-transformin-
fraredspectrometerwasused~Nicolet 800!. Sincewe did not
seea differencebetweencryogenictemperaturesand300 K,
all measurementsweredoneat 300K. The light of the inter-
nal infraredlight source~glow bar! wassentacrossthemul-
tipasswaveguideusing a beamcondenser~f /1.00! and de-
tected by the internal liquid nitrogen-cooled HgCdTe
detectorof the spectrometer. In agreementwith the formula
DT/T5(T(VGS1)2T(VGS2))/T(VGS1), whereT(VGSi) is the
transmissionat the respectivegate-sourcevoltage VGSi, a
differentialtransmissionsignalwasobtainedby applyingal-
ternatively two different gate-sourcevoltages.16 In order to
obtaina bettersignal-to-noiseratio, detectionwasperformed
in lock-in techniqueat a frequencyof 15 kHz and a duty
cycle of 50%. For the determinationof the absolutemagni-
tudeof thedifferentialtransmission,we alsomeasuredsome
referencespectraon eachsampleusing constantvoltages.
When applying a positive gate-sourcevoltage on sample
GS1274,we couldgo up to 12 V without seeinganynotice-
ableleakagecurrent;GS1282,on theotherhand,showedup
to 5 mA leakagecurrentwhenapplyinga gate-sourcevoltage
of 12.5 V. A possiblereasonfor the leakageof the 80%
AlGaN sampleis that its barrierlayer thicknessis very close
to thecritical thickness;resultingin cracks.Sincetheareaof
our devicesis relatively large, leakagepathsdue to these
cracksareratherlikely.

FIG. 1. Self-consistentcalculationof the triangularpotentialwell for the
samplewith 60% Al in the barrier ~top!, and with 80% Al in the barrier
~bottom!. The insetof the bottomfigure showsa crosssectionthroughthe
multi passwaveguide.The dashedlines are the Fermi levels of the two
devices.
In the upper half of Fig. 2~a!, we presenta seriesof
transmissionspectrafor the samplewith 60% Al content
~GS1274!. The threecurveswere measuredwith a constant
VGS1523.5V while using threedifferent VGS2. VGS1 was
set as the voltage at which the signal startedto saturate.
Since sapphire absorbs heavily for energies below
1670cm21, this part of the spectracould not be observed.
For an increasinglypositive VGS2, we saw a small shift of
thepeakfrom 1775cm21 at 0.0 V up to 1975cm21 at 12.0
V. This shift is, at leastqualitatively, consistentwith the ex-
pectedbehaviorof thetriangularwell underapplicationof an
externalvoltage:a positive voltagemakesthe well deeper,
which will shift thepeaktowardshigherenergy. A computa-
tion of the transitionenergies for GS1274at different gate-
sourcevoltages,VGS, showeda nearly linear dependence
following roughly the relation DE21(VGS)5235meV
114.5meV/V3VGS. We seeexperimentalwavelengthshifts
which are slightly smaller than the ones predictedby the
aboveformula~linearterm12.5meV/V insteadof 14.5meV/
V!.

For the five spectraat the bottomof Fig. 2~a!, we used
five different valuesof VGS1, while settingVGS2511.5V.
Therefore,we measuredthe differential transmissionof a
lessandlessdepletedwell, which manifestsitself in a wave-
length shift towardshigher energies, up to 2300cm21. As
mentionedearlier, the differential signal startedto saturate
when applying a gate-sourcevoltageVGS1,23.5V. When
comparingthesheetcarrierdensity~from theC–V measure-
ment! asa functionof voltagewith the integratedareaof the
curvesat the bottom Fig. 2~a!, we found good agreement.

FIG. 2. ~a! Differential transmissionspectraof the Al0.6Ga0.4N/GaN-based
HEMT sampleGS1274at 300 K. The threecurvesin the top figure were
measuredwith a fixed VGS1523.5V, alongwith threedifferent valuesof
VGS2 ~0.0, 11.0, and 12.0 V!. The fit in the top figure shows the two
Lorentzians~short dashes! forming togetherthe fit for the curve at VGS1

523.5V/VGS2512.0V ~long dashes!. For the five curvesin the bottom
figure, we set five different valuesof VGS1 ~23.5, 22.5, 21.5, 20.5 and
10.5 V! andapplieda voltageVGS2511.5V. ~b! Differentialtransmission
spectraof an Al0.8Ga0.2N/GaN-basedHEMT structureat 300 K. The six
curvesin the top figure weremeasuredwith a VGS1524.0V, while utiliz-
ing six differentvaluesof VGS2 ~0.0,10.5,11.0,11.5,12.0,and12.5V!.
For the three curvesin the bottom figure, three different valuesfor VGS1

~23.0,0.0,and11.0V! andaconstantvoltageVGS2513.0V wereapplied.
The fit ~dashedline! in the bottom figure is performedon the VGS15
23.0V/VGS253.0V curveandconsistsof a singleLorentzianpeak.
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Furthermore,the observedcarrierdensitysaturationat 24.0
V is a good indication for an almostcompletedepletionof
the well at VGS523.5V. The high energy shoulderof the
peaksin Fig. 2~a! is not inconsistentwith the assumptionof
having transitionsfrom two different excited statesto the
groundstate.We thereforeperformeda fit on the uppermost
curve of Fig. 2~a! ~top! using two Lorentzian peaks.The
computedoscillatorstrengthratio of the involved transitions
~f 31/ f 2150.23! determined the respective height of the
Lorentzians.The commonwidth of the two peaksaswell as
their positionandsizewereusedas the four fit parameters.
This procedureyielded the dashedline of Fig. 2~a! ~top!.
Also shown are the two single Lorentzians~short dashes!
which contributeto the total signal. Transition energies of
E215247meV
(1973cm21) andE315318meV (2547cm21) areobtained.
The peakwidth @full width at half maximum ~FWHM!# is
DE215DE315126meV (1004cm21). Most likely, a small
error in the Al compositionwas at the causeof the 110%
differencebetweentheoreticaland experimentaltransition
energies.For bothmeasurementseriespresentedin Fig. 2~a!,
thesignalswerepurelyTM polarized.This waspartly dueto
the intersubbandnatureof the electronictransitioninvolved;
but resultedalsofrom thecloseproximity of the2DEGto the
metal layerson the surface,which dictatesthe electricfield
componentin the growth directionbe maximalat the wafer
surface.

Looking at the top of Fig. 2~b!, we seethe analogous
measurementto the onepresentedin Fig. 2~a! ~top!, but this
time with sampleGS1282.As expected,thepeakis now at a
higher energy, namely at 306 meV; corresponding to
2447cm21. Its FWHM is smallerthan the one of GS1274,
namely only about 86meV (685cm21). Both width and
transitionenergy arecomparable~but not smaller! to thebest
onesreportedin Ref. 4 on an AlGaN/GaN basedsuperlat-
tice. The seriesconsistingof six curveswas measuredat a
constantVGS1524.0V, andsix differentVGS2 values.The
wavelengthshift which was quite pronouncedin Fig. 2~a!
was completelyabsentthis time. If we look finally at the
lower half of Fig. 2~b!, where three different VGS1 values,
alongwith a constantvalueof VGS2513.0V wasused,then
we observeagainno significantwavelengthchange.For the
strongestabsorptionsignal in Fig. 2~b! ~bottom!, we per-
formeda similar fit aswith GS1274.Althoughthecomputed
ratio of the dipole matrix elementswas comparableto the
first HEMT, we found this time no evidencefor a second
Lorentzianpeak.

An analysisof theresultsobtainedwith the two samples
revealsthat the positionsof the principal absorptionpeaks
agreedquite well with the self-consistentcomputation.The
errors in transitionenergy of 110% for GS1274and 13%
for GS1282canbe explainedby a slightly too high Al con-
tent of theAlGaN barrier layers.Sincetheselayersareonly
150 Å thick, their Al compositionis ratherdifficult to mea-
sureby x-ray diffraction.For sampleGS1274,we evenhave
evidenceof seeinga transitionfrom the secondexcitedstate
to the ground level; and its tuning behavioragreesreason-
ably well with thecomputation.Why did we not observethe
latter two effectson GS1282which, from a linewidth point
of view, lookedevenbetterthanGS1274?In our structures,
the triangular well has a ‘‘thickness’’ comparableto one
atomic repeatdistance~5 Å!. Thus, the main assumptionof
the envelopefunction approximation~EFA!, namelythat the
wavefunction variesslowly with respectto the periodiclat-
tice potential, is not fulfilled. Since the terms ‘‘triangular
well’’ or ‘‘squarewell’’ becomealmost meaninglessif the
well thicknessapproachesone monolayer, it is no surprise
thattheStarktuningwasnot consistentlyobserved.Although
the transition energies were correctly predicted, the EFA
might havereachedits limits for this application.

Of course,it cannotbe ruled out that someinterfacial
roughnessor crackinghasneverthelessaffected the optical
propertiesof GS1282.After all, theHall effect measurement
of this sampleshoweda considerablysmallersheetcarrier
densitythanexpected~only 2.4831013 cm22 insteadof 3.9
31013 cm22!. In contrastto this, GS1274revealeda mea-
suredsheetcarrier density of ns52.0131013 cm22 which
correspondedto the calculatedone of 2.631013 cm22. By
taking into accountthe total areaof the GS1274absorption
peak ~3.4431023eV), the dipole matrix elementof the in-
volvedtransition~6.1 Å!, andthedifferentgeometricparam-
eters ~Nwells51, Npasses56! of the polished bar, we could
oncemoredeterminethevalueof ns . This yieldeda valueof
2.0431013 cm22; in excellentagreementwith theHall effect
measurement.The dipole matrix elementwascomputedus-
ing an effective massof m* 50.262me .

In conclusion,we havepresenteddifferential transmis-
sion measurementson two different HEMT structures.An
intersubbandtransitionbetweenthe two lowestsubbandsof
the triangularwell wasseen.We found goodagreementbe-
tweenself-consistentlycomputedand experimentallydeter-
mined transition energies, thus confirming previously pub-
lishedvaluesof the internalpiezofield.
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