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We reporton intersubbandabsorptionand photovoltagemeasurementsn regularGaN/AIN-based
superlatticestructures.For barrier thicknessedarger than about 25 A, the optical intersubband
absorptionpeaksat a considerablysmallerenegy thanthe photovoltagespectrumA simplemodel
taking into accountthe oscillator strength of the involved transitions and the corresponding
tunnelingprobabilitiesagreeawith the experimentafindings.Accordingto this model,the observed
photovoltageis the macroscopiananifestatiorthat the two-dimensionaklectrongasat the top of
the superlatticechangedts carrier densityby a vertical transportof electrons.

Thanksto their large bandgapenepies,the semiconduc-
tor materialsGaN andAIN haveattracteda lot of attention
for the fabrication of long-lived visible lasersand light-
emitting diodes'™ More recently the hugeconductionband
discontinuityof nearly2 eV betweenthesetwo semiconduc-
torshasresultedin somedeviceproposaldasedon intersub-
bandtransitions’™ Particularlyinterestingin this contextare
photodetectorsmodulators,or lasersin the technologically
interesting1.55 um wavelengthrange. Such devicescould
profit from shortintersubbandifetimes, which might even-
tually resultin high operatingfrequencie<:® Unfortunately
the heavy effective masseof 0.2 m, for GaN and 0.32m,
for AIN imposethe epitaxial growth of layer thicknessesn
the 15-30 A range, which, despitesubstantialprogressin
molecular beam epitaxy is still quite a challengingtask?
Neverthelessintersubbandbsorptiondownto 1.06 wm has
beenshownin heavily doped,ultrathin GaN quantumwells
which wereseparatedby barriersof eitherAlGaN, pureAlN,
or AIN/GaN superlattices®™ In the majority of theseex-
perimentsthe observedeffects were purely optical and, ex-
cept for one report, no vertical current transportcould be
demonstrated® In a different type of experiment,one re-
searchgroup reportedtransgortthroughthin AIN barriersin
aresonantunnelingdiode.1 In our presentwork, we seethe
combinedeffectsof intersubban@bsorptiorandtunnelingin
a regularAIN/GaN superlattice.

All our measurementsavebeencarriedout on epitaxial
material grown by molecularbeamepitaxy on C-face sap-
phire substrated? Growth started with a 500-nm-thick
n-type AlGaN buffer layer (Si, 5x 10'° cmi3) with a high Al
content,typically between67% and 100%. Exact numbers
have beenmeasuredising high-resolutionx-ray diffraction
and are shownin Table I. The active region consistsof a
regular20 periodsuperlatticenith undopedAIN barriersand
degenerately doped GaN quantum wells (Si, 5-10
X 10* cm3) and s typically about50% relaxed.The well
thicknessegangefrom 17 to 38 A, while the barriersare
between18 and 34 A thick. Finally, the multiple quantum
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well structureof all sampleswas coveredwith a 100 nm
AlGaN caplayer of the samecompositionanddopingasthe
buffer. This cap layer is partly relaxed. Lateral resistance
measurementf the AlGaN buffer have shown that even
sucha high doping level doesnot lead to appreciablecon-
ductivity, especiallyif theAl contentexceeds80%® Sample
preparationfor optical absorptionmeasurementselied on
polishing of 3-mm-long and 300-um-thick multipass
waveguidesas shown schematicallyin the inset of Fig. 1.
The polishing processwas followed by electrical contact
evaporation. The contact stripes were ohmic (Ti/Al,
40/400 nm, annealecat 800°C for 60 s), coveredthe entire
samplelength, had a width of 800 um, and were separated
by 1200 um (edgeto edge.

For the photovoltagemeasurementshe copperplatelets
holding the samplewere mountedon the cold finger of a
liquid He-flow cryostatheld at a constantemperatureof 10
K. In contrast,all optical absorptionmeasurementsvere
done at 300 K. The cryostatwas placedinto the sample
compartmentof a Fourier transforminfrared spectrometer
For absorptionrmeasurementshe samplewasusedin trans-
missiongeometry;and the transmittedsignal was measured
with a liquid nitrogen cooled mercury—cadmium-telluride
detector During the photovoltaicmeasurementghe sample
itself servedas a detector In both cases,illumination was
accomplishedby the spectrometés internal white light
source.

TABLE |. Structuralpropertiesof the nitride samplesusedfor theseexperi-
ments.Datawere obtainedfrom x-ray diffraction. The doping densityindi-
catedstandsfor the wells in the superlatticestructure.

Well/barrier Nominal/measured
Al thickness doping
Sample content A) (cm )
A 98% 38/19 0.8/1.2x 107°
B 67% 33/34 1.0/0.6X 107
C 90% 22/23 0.5/1.2Xx10%°
D 100% 17/18 1.0/0.5x 10%°
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FIG. 1. Schematiaconductionbanddiagramof our multiple quantumwell
structureslllumination exciteselectronsinto the upperboundstateof the
wells from wherethey drop into an adjacentwell. The field gradientin the
2DEGregiondictatesthata netelectrontransportowardthe samplesurface
is establishedThe inset showsthe geometryof the sampleon the copper
platelet.

Due to spontaneousnd strain-inducedpolarizationef-
fects, a two-dimensionalelectrongas (2DEG) is formed at
the superlattice/cap layer interface; whereas a two-
dimensional hole gas builds up at the superlattice/bdér
layer interface®® \oltage versus current curves confirmed
that the annealedtop contactgoesall the way throughthe
cap and makescontactto the 2DEG. Under illumination,
electronsare lifted into the excited statesof the wells from
wheretheydrop eitherbackor into an adjacentvell. For the
latter case,the field gradientin the 2DEG region promotes
tunnelingtowardthe capandhampergunnelingin the direc-
tion of the buffer. Therefore,althoughnot being very effi-
cient, a net electrontransporttowardsthe AlGaN capis es-
tablished,the 2DEG is slightly enhancedand a negative
voltage occursat the illuminated top contact.At the dark
contact, however no enhancemenwill take place and no
voltagebuilds up. By measuringbetweeranilluminatedand
a dark contact,we arethusableto seea photovoltaicsignal
whosesign dependson the position of the light spoton the
sample.

Figure 2 presentsoptical intersubbandabsorptionand
photovoltagemeasurementfor all samplesAll absorption
curves were obtained by dividing the p-polarized sample
transmissionspectrumby the p-polarized spectrumof the
internal white light source,followed by the normalization
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FIG. 2. Comparisonof optical intersubbandabsorptionand photovoltage
spectraThe photovoltagen p polarizationwasnormalizedto 1 whereaghe
optical absorptionis shownin absorbanceinits.

a(v) X L==In(lsampid lwhite) With L=3 mm. With decreasing
well width, a transitionenepgy increasedueto quantumcon-
finementis clearly visible. Accordingto Fermi’s goldenrule,
the surfaceunderthe absorptioncurvesis proportionalto the
oscillator strength of the optical transition. Nominal and
computeddoping densitiesare shownin Table | and agree
reasonablywell. From the amountof linewidth broadening,
one can deductan approximatenumberfor the interfacial
roughnesf the layers.A naive comparisonof samplesA
andB, andof samplesC and D, which eachhawe 5 A well
width difference,i.e., about one monolayeron each side,
revealsthat the thicknessfluctuationin all wells mustbe on
the order of roughly one monolayer(2.4 A). This becomes
clearoncewe naotice that curve A dropsto abouthalf of its
maximumvalueat the photonenegy wherecurveB is maxi-
mal, and vice versa. Especially for samplesC and D,
s-polarizedabsorptionand photovoltaggpeakswerenot neg-
ligibly small. This apparentviolation of the polarizationse-
lection rule is a result of polarization coupling, interface
roughnessand the standingwave effect in the active layer.
As far asvertical transportgoes,samplesC andD showthe
expectedbehavior:Absorptiontakesplaceat the lower edge
of the miniband formed by the coupledfirst excited states
while due to an enhancedtunneling probability, vertical
transportis more probableto happenat the upperedge.

In contrastto samplesC andD, samplesA andB reveal
a significantdifferencebetweerthe absorptiorandthe trans-
port spectraln sampleA, the fundamentalabsorptionpeak
still showsup in the photovoltagespectrumalthoughaccom-
paniedby at leasttwo other transitions.In sampleB, how-
ever the photovoltagepeaksat a completelydifferentenegy
thanthe absorptionIn addition,its relativefull width at half
maximumis so much larger thanin the other samplesthat
we strongly believethat multiple transitionsinto higheren-
ergetic statesare at the origin of this broadsignal. The rea-
sonsfor this ratherpeculiarbehaviorcan be understoodon
the basisof the following model.In first approximationthe
photovoltagefor eachtransitionis a Gaussiarwhoseheight
is proportionalto the correspondingscillator strengthtimes
a tunnelingprobability computedvia the Wentzel-Kramers—
Brillouin methodtimes the blackbody spectralintensity of
the illumination source’’ Since both barrier height and
thicknessaredifferentfor differenttransitionstherespective
tunneling probabilitiescan vary by many ordersof magni-
tude. It is thereforepossiblethat a transitioninto a higher
excited state, although having a very small oscillator
strength,becomesthe dominantone for transport.This is
exactlywhathappenedor samplesA andB: they havethick
wells (A: 38 A, B: 33 A) which contain the two lowest
confinedstatesin the triangularsectionof the well. In addi-
tion, sampleB hasanextremelythick barrierof 34 A, which
makestunnelingfrom the first excitedstateinto a neighbor
ing well's groundstatevery unlikely.

In order to further understandthe functioning of our
sampleswe investigatedhe transientbehaviorof sampleD
at differenttemperaturesthe left half of Fig. 3 showssucha
seriesof photovoltaic measurementss a function of time
and between5 and 180 K. Time was measuredirom the
onsetof the illumination with the spectrometés internal
white light source(25 mW total powen. After eachmeasure-
ment, the temperaturevas rampedup to 313K in orderto
maintainidenticalstartingconditions At temperaturebelow
80 K, the photovoltagejumps abruptly to abouthalf of its
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FIG. 3. Left panel:transientbehaviorof the dc componenof the photovol-
taic signalunderstrongillumination with a halogenlamp. Right panel:the
samemeasurementwith a silicon wafer usedas opticalfilter.

maximumvalue,increasesnore slowly up to the maximum,
andfinally decreasesoward zero. The signal changesafter
thesharpinitial increasearefasterat highertemperaturesll
theseobservationsare consistentwith the simultaneousoc-
currenceof an intersubbandabsorption/tunnelingorocess,
persistentphotoconductivity and optical quenchingof pho-
toconductivity in the GaN wells. Hence,if one of the two
identical ohmic contactsis illuminated, the 2DEG at the
superlattice/capayer interfacewill be quickly enhancedy
theintersubbandnechanisndescribedn Fig. 1; thislifts the
Fermi enegy and resultsinstantly in a negativevoltage at
this contact™ This voltagebecomedargerif the lateralcon-
ductivity in the wells is low andvice versa;andthe latteris
stronglyinfluencedby parasiticeffectsdueto midgapstates.
Sincethe spectrometés white light sourceis filtered only by
the ZnSewindow of the cryostat,photonenegiesup to 2.5
eV are available.As Ursaki'® Hirsch?® and McCluskey
havepointedout, this is sufficiently large to releasetrapped
electronsandholesfrom their midgapstatesinto the conduc-
tion and the valenceband, respectively In addition, it has
beenobservedby othergroupsthat optical quenchingtakes
place on a different, faster time scale than the persistent
photoconductivity® For this reasonwe initially seea signal
increase(conductivity decreasewhich lastsup to 200 s; af-
terwardsthe signaldecaysmoreslowly towardzero(conduc-
tivity increase In agreementvith earlierpublicationsabout
photoconductivity the concomitantsignal decay is much
slowerat low temperatureshanat 180 K. Below 80 K, the
measuredignaldroppedevenbelow zero; but this could be
an artifact due to an insufficiently long recoveryheatingat
313K. In Fig. 3 (left pane), we correctedfor this effect by
addinga small constantof 1 mV to the curvesof 5, 20, 40,
60, and80 K. In orderto suppresshe photoinducectarrier
releasewe re-measuredhe curvesfrom Fig. 3 (left pane)
using a silicon wafer as an optical filter (absorbingfor
< 1.1 wm). During thesemeasurementshe opticalthreshold
for electron/holereleasewas not reachedandthus no signal
decaywasobservedseeFig. 3, right pane).

In conclusion,we have presentedresults which show
unambiguouslythe signatureof vertical transportin AIN/

GaN-basedsuperlatticesThe main algumentis basedon the
fact that optical absorptioncan peakat completelydifferent
wavelengthghanthe photovoltaicmeasurementg&specially
if the barrierswerevery thick andhigh, we observechigher
ordertransitionswhereaghefirst excitedstatedid not domi-

nate the spectrumor not even show up. Temperature
dependentmeasurement®n one samplerevealedfurther

more the detrimentaleffects of persistentphotoconductivity
in GaN.
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