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EXCITONS IN GaAs QUANTUM WELLS

R.C. MiLLER andD.A. KLEIN MAN

AT&T Bell Laboratories, Murrat HilL NewJersey,07974, USA

This paperattemptsto summarizesomeof the salientpropertiesof excitonsin GaAs
quantumwells and in doing so it will emphasizework at AT&T Bell Labs with which the
authors have been associated.Although the text relies heavily on publishedmaterial, an
effort hasbeen madeto stressnew material, andwherefeasible,unpublishedaspects,e.g.,
figures,relatedto earlierwork. Topicsdiscussedon thequasi-2Dexcitonsin GaAs quantum
wells include: their inherent tendencyfor intrinsic free-excitonemission,exciton binding
energies,bound andlocalizedexcitonsincluding biexcitonsand excitonshoundto neutral
impurities,effectsofn- andp-typemodulationandantimodulationdoping,andthedevelop-
mentsleadingto a proposedset of quantumwell parametersthat resultsin acceptablefits
to theobservedexcitontransitionsfor GaAs quantumwells with both squareandparabolic
potential profiles.

1. Introduction

It was evident from the earliestwork by Dingle et al. [I] on the optical
propertiesof GaAsquantumwells grown by molecularbeamepitaxy (MBE)
with the GaAs--AlGaAssystemthat excitonsplay a much moresignificant role
in thesequasi-2Dsystemsthan in bulk GaAs.The photoluminescenceat low
temperaturesfrom a few microns of high-qualityMBE-grown undopedGaAs
is usually characterizedby emissionat 1.49 eV dueto donor--acceptorpair
recombination(D°-A°) and free electron--neutral acceptor recombination
(e A°)plus emissionat the exciton edge, 1.515 eV, due mainly to excitons
bound to D° and A°,and hole—neutraldonor (h D°)recombination.Small
contributions due to free-exciton (polariton) emission are also frequently
observed.However,the main point is that for the bulk GaAsgrown by MBE
the emissionat low excitation levels is usually predominantly extrinsic in

nature[2].
This is in markedcontrastto GaAsquantumwells with similar purity to the

bulk GaAs materialmentionedabove.Absorption.emission,and excitation
spectraof high-qualityGaAsquantumwells with good interfacesdemonstrate
that intrinsic free-excitonrecombinationdominatesthe emissionevenat very
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low temperatureswherebound exciton and impurity processesdominatefor
the bulk GaAs [2,3].

Extensiveabsorptionspectraobtainedby Dingleet al. [1,4] on multiquantum
well samplesfrom which the GaAs substratehad beenetchedoff (window
samples)revealedsharppeaksat the onsetof the band to band transitions
showing that exciton effects are also pronouncedin absorption.A classic
exampleof thisis shownin fig. 12 of ref. [4]. In theabsenceof suchexcitoneffects,
the onsetof the variousband-to-bandtransitionsshouldbe step-likereflecting
the step-likechangesin the2D density-of-states.Excitationspectratakenlater
also leadto thesameconclusions[3,5].

The splitting of the heavyandlight hole bandsin GaAsquantumwells due
to their different effectivemassesleadsto well resolvedheavy andlight hole
exciton transitionsin absorption[4] andemission[3,5]. The assignmentsof
thesetransitionsweremadeinitially onthebasisof thegoodagreementbetween
the observedandcalculatedtransitionenergies.However, linear andcircular
optical polarizationmeasurementsprovideddirect confirmationof theselight
andheavyhole assignments[3,5].

Sinceoptical electronspin orientationusingcircular polarizationexcitation
and detection techniques[6] will be mentionedfrequently throughoutthis
paper,someof the underlyingprincipleswill be discussedbriefly with the aid
of fig. 1(b). The relevantcircular polarizationphenomenaare determinedby
the relativetransitionstrengths(3 and1), the m3 values(±3/2 and ±1/2), and
the effectivehole massesm~= 0.45tn0 [7] and tn~= 0.088m0 [8] for the heavy
andlight holes,respectively.Theabsorptionandemissionprocessesconsidered
are for detectionandexcitationat normal incidenceto the planeof the layers.
Sincetheelectronstatesarem~= ±1/2, theresonantabsorptionof r + (A m~= + I)
polarizedlight by heavyandlight hole transitionswill generateelectronswith
m~= — 1/2 and + 1/2, respectively.With m~> m~,the emissionat low temper-
atureswill be via the heavyhole groundstate.Thus assuminga spin relaxed
hole population[9] andincompleteelectronspin relaxation,resonantexcita-
tion of the lowest energyheavyor light hole exciton transitionsshould leadto
emission from the ground-stateheavy hole exciton polarized r~and u,
respectively.Likewise, at elevatedtemperatureswhere the lowest light hole
level is thermallypopulated,the aboveresonantexcitation conditionsshould
give rise to emissionfrom the ground-statelight holeexcitonwith polarization
c and~ respectively.As thereis alwayssomerelaxationof theelectronspins,
the luminescenceis never 100~ polarized. In any event, a decreased,or a
negativepolarization,i.e., a polarizationoppositeto the incident polarization,
is the hallmark of light holetransitionsin excitationwith detectionset at the
heavyholeemissionwhich is theusualwayof obtaininganexcitationspectrum.
For nonresonantexcitation,a~emissionat low temperaturesdominatessince
the heavyhole transitionsare 3 timesthe strengthof the light hole transitions.
Thuscircularpolarizationtechniquescanbeveryusefulin identifyingtransitions
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Fig. I. (a) Photoluminescenceand its circular polarizationat 50 K for excitationat 1.65eV with
circularpolarizedlight.Thesamplehas25 GaAswells with L = 188 A and19 A x =0.3alloy barriers.
For this nonresonantexcitation.in,= — l;2 electronstatesarepreferentiallycreatedwhich leadsto
heavyandlight holeexcitonemissionwith positiveand negativepolarizations,respectively.)h) Ab-
sorptionandemissiontransitionsfor GaAsquantumwells with circular polarizedlight. The transi-
tions involving heavy (in, = ±3/2) and light )tn

1= ±1/2) holeshave relativestrengthsof 3 and I.
respectively.

(fig. 1(a)) and indeedhavebeen utilized to verify the original assignmentsby
Dingle et at. [3,5]. Although not discussedherein,the decreasein polarization
of the emissionwith a transversemagneticfield (Hanle effect) can be usedto
estimatethe electronlifetime andthe electronspin relaxationtime [5,6].

The intrinsic free-excitonnatureof the recombinationmentionedabovefor
GaAsquantumwells is deducedlargely from the observedsmall Stokesshift
(a fractionof theline width) betweentheheavyholephotoluminescenceemission
andthe heavyhole ground-stateexcitonabsorptionpeak[3,5]. Likewise,when
the photoluminescenceemissioninvestigatedinvolvesthe light hole, thereis at
most a small Stokesshift betweenemissionand absorption.Weak extrinsic
photoluminescenceis frequentlyobservedfrom undopedGaAsquantumwells
of the samequality as that mentionedabove[10]. The mosteasily identified
extrinsicemissionhasbeenthatdueto e A°wherecarbonis thoughtto be the
neutralacceptor.
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2. Exciton binding energies

Dingle et at. [1,4] wereableto estimatethe bindingenergyof the quasi-2D
excitonsfor GaAsquantumwells of width L by extrapolatingto zero the con-
finementenergiesof the variousexcitonpeaksmeasuredin absorption.In this
manner,theexcitonbindingenergywasestimatedto be ~9 meV for L ~iOoA.
This is to be comparedwith 4.2meV for bulk GaAs. However, a numberof
GaAsquantumwell samplesshowedexplicit structurein the excitationspec-
trum which could be identified with excitedand/orcontinuumstatesof the
2D excitons.Oneof the bestexamplesof this is shownin fig. 2 which givesthe
excitation spectrumfor an unusually good single well samplewith L=50A
andalloy barriersof width Lb=0.65umwith x=0.37.Throughoutthis work,
allowedtransitionsinvolving electronsandholesof quantumnumbern, where
n = 1,2,3,etc.with An = 0, will beidentifiedby E~,wherei = h for heavyholesand
� for light holes.Forbidden transitions where An ~ 0 will be identified by E11k
where i is the electronquantumnumber,j the hole quantumnumber,and k
thetypeof hole,eitherh ore.Thustheparity allowedAn=2 transitionbetween
the n = 1 electronandn = 3 heavyhole is designatedE13h’

50

2 ~40
Ia -~

0 St
2 —

POLARIZATION
(I) . . -

-

1.59 1.60 1.61 1.62 1.63 1.64 1.65 1.66 1.67
ENERGY 1eV)

Fig. 2. Photoluminescence(dashed),excitation (solid) and smoothedpolarization (dasheddot)
spectraat 5 K for a singleGaAswell samplewith L = 50 A. For theexcitationspectrumdetection
was at 1.611 eV. The polarization actually goes negativein the 1.637eV and 1.652eV spectral
regions.The data showthat theshouldersin thephotoluminescenceat 1.624eVand 1.652eV are
heavyandlight holecharacter,respectively.It is proposedthattheseshouldersrepresenttheonset
of excitedexcitonstates.
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Of most interest in fig. 2 are the distinct shoulderson the high-energyside
of the Eih and ~ exciton peakswhich the polarizationshows are heavyand
light hole character,respectively.It is concludedthat theseshouldersrepresent
the onset of heavyand light hole excitedstatesand that the discreteexcited
statesin this caseare not resolvedfrom the continuum.Also it shouldbe noted
that the luminescencelevel at the light hole continuumedgeis about4/3 that
at the heavyhole continuumedgewhich is consistentwith heavyand light hole
band relativestrengthsof 3 and 1, respectively.Theapparentcontinuumedge
is takento be the 2S excitedstateof the exciton.In this interpretationthe true
continuumedgecorrespondingto the ionization thresholdis not seendirectly
in thesespectra.The midpoint of the rising portionof the shoulderis takenas
the 2Slevel while the IS level is the excitonpeakitself. Thisthereforeprovidesa
direct measurementof the term valueB~5B25.Since the in-planeheavyhole
mass is less than that of the light hole, the binding energy of the light hole
exciton is expectedto be greaterthan that of the heavyhole excitonas is ob-
served[II]. Similar resultshavebeenobtainedin the samemannerfor samples
with L ranging42A to 340 A. However for L=340A, a distinct peak in the
excitation spectrumis attributed to the 2S heavyhole exciton excitedstate.
The term values B~5B25 increasewith decreasingL and for example, for
L=50A (fig. 2), B1~(~)B25(e)=10.7meV.

Thesedatahavebeencomparedwith a variationalcalculationof theexciton
binding B~sandthe term valueB~s — B2~asa function of L for GaAsquantum
wells with infinite potential barriers[II]. Theformulation containsno adjust-
ableparametersother than the variationalparameterandit is exact for L—*0.
Since the calculatedterm valuesare found to be in good agreementwith the
data, the calculatedB15 valuescan be consideredreliable. It is interestingto
note that the 9meV value for B~5(h)estimatedby Dingle et al. [4] is in good
agreementwith theseresults.The integratedstrengthsof the light and heavy
hole excitonswere also calculatedand found to be in reasonableagreement
with the datawhere the continuumthresholdsweresufficiently well resolved
[11]. The calculatedstrength increasesby about a factor of 2 as L decreases
from 140 A to 42 A.

This calculation[11], and a subsequentone by Bastard [12], assumeno
penetrationinto the alloy barriers. i.e., infinitely high potential wells. Greene
et al. [13] havetaken finite barriers into accountand show that, as expected,
the ~ valuesare reducedfor small L dueto penetration.As a result,the B~5
valuesfrom Greeneet al. for small L are somewhatless than thosedetermined
with no penetrationand hencelead to B~5—B25term valuessomewhatless
than the dataas interpretedin ref. [11]. Also Greeneet al. find that the effects
dueto penetrationfor thelight holeexciton are sufficiently morepronounced
than thosefor the heavyhole exciton to give B~5V)<B15(h)for L<50A and
x=0.3 alloy barriers.The datain fig. 2 for L=50A and.v=0.37alloy barriers.
suggestthat B15(e)>B~5(h).
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3. Bound and localizedexcitons

3.1. Biexcitons

Biexcitons are perhapsthe simplestform of bound excitonsand thereare
datathatsuggestthat this speciesdoesindeedexist at low temperatures( ~5 K)
in high-quality GaAs quantum wells [14]. Samplesgrown underconditions
which lead to intense,sharp,photoluminescencepeaks,andexcitation spectra
which indicate abrupt interfacesand wells of uniform thicknessesusually
exhibit a luminescencepeakin the regionof the free excitonwhich consistsof
two sharpcomponents.An exampleof this is shown in fig. 3. At the lowest
excitation intensities,J~, I mW cm 2, onepeak is observedwhich excitation
spectrashowis duetothe Eth freeexciton.As I~,isincreased,a shoulderappears
on the low-energy side,and finally at sufficiently high I~,two distinct peaks
separatedby 1 meV are observed.The splitting andthe energy of the Eih
peakare independentof Ii,. When T is increasedto 11 K, kT 1 meV, the
free-excitonpeakalwaysdominatesandits intensity is enhanced.This temper-
aturedependencewasobservedfor all sampleswhich exhibitedthe two sharp
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Fig. 3. Photoluminescentintensityat 5 K from a samplewith 81 A GaAsquantumwells and200A
.s=0.26 alloy barriers versus emission energyfor excitation at 1.695eV with 1.4mW/em

2(I),
3.1 mW/cm2(2), 21.2mW/cm2(3), 45.3mW/cm2(4), and187 mW/cm2(5). Thepeakatlower energy
attributedto biexcitonscomesin clearlyat about20 mW/cm2.
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peaks. Also, the changefrom one peakto two peakswith increasingJ~,was
observedwith sampleswhereL rangedfrom 81 A to 327 A. The “threshold” I~.
for the secondpeaktendsto decreasewith increasingL, andtwo sampleswith
L>327A exhibited two peaksevenat the lowest intensities, ~l mW/cm2.

With excitation by polarizedlight, a pronouncedminimum in the polariza-
tion at the lower-energypeak has been observed[14]. This observationis
consistentwith zeropolarizationfor the processresponsiblefor this peak. If
this peak is indeeddue to biexcitons as proposed,it would be expectedto
radiatewith zero polarization. However the fact that this distinct minimum
in the polarization is not alwaysobservedwas tentatively attributedto the
needfor a detailedline-shapeanalysis.

Thus, the dependenceof the lower-energy peak on excitation intensity,
temperature,andpolarizationis consistentwith a 2D biexciton with a binding
energy of ~l meV. Kleinman [15] has madea variationalcalculation of the
binding energyB~.of the biexciton in GaAsquantumwells. This calculation
containsno adjustableparametersother than the variationalparametersand
makesuseof the six-parameterwavefunctionof Brinkman,Rice,andBell which
yields~ = 0.13 meV for bulk GaAs[16]. For GaAsquantumwells it is found
that the calculatedbiexciton binding energy obeys Haynes’srule [17] with a
Haynesconstant~ i.e.,B~~~0.lB

1~(h),andthat in the 2D limit ~ is
3 4 timeslargerthan thecorrespondingquantityin the 3D case.Thecalculated
valuesof ~ are in good agreementwith the 1 meV splittings mentioned
abovefor L.’z250A. However for L>250A, the observedsplittings are too
large,suggestingasnotedbelow,thatsomeothermechanismmight berelevant
for this rangeof L.

3.2. Excifonshound to neutraldonors

Kleinmanhas also estimatedthe binding energy ~ of excitonsbound to
neutraldonors for the GaAs quantumwell 2D system[15]. Thesevaluesare
larger than~ andare also found to obey Haynes’srule with f~~0.l asabove
for biexcitons. For L>250A the observedsplittings discussedabovetend to
agreewith the calculatedBXD but this agreementshouldbeviewedwith caution
sincethedevelopmentof this “biexciton” peakwith increasingI~,is notexpected
for excitonson neutral centers.

3.3. Excitonshound to neutralaccepfors

A photoluminescencepeakattributed to ground-stateE~5excitonshound to
neutralacceptors(E15-A°)hasbeenobservedfrom GaAsquantumwells doped
with [Be] 10~~cm or zincdiffused [18]. Both singleandmultiple quantum
wells haveexhibited this extrinsic luminescence.In the four caseswhere this
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luminescencepeakhas beenreported the wells were p-type doped,free Elh

excitonswere in evidence,the luminescencepeakexhibitedevidenceof satura-
tion, andit decreasedrapidly in intensity with increasingT. Also the Stokes
shift of thispeakfrom Eih wastoosmallto beattributedto e—A°recombination
which in fact could be identified as additional structurein the photolumines-
cence.The dissociationenergy Ed of the Elh—A°complexinto A°and a free
Eth excitonwasobtained directly from the observedseparationof this extrinsic
peakfrom the intrinsic Eih peak.For GaAsquantum wells with L=46A,
Ed = 6.5 meV.It wasnotedthatEd decreaseswith increasingL obeyingHaynes’s
rule with fH ~0.13.No convincingevidenceof this Eth—A°emissionhadbeen
seen in the 100 or so undoped GaAs quantum well samples examined.
The photoluminescencefrom two quantum well structures similar to the Be-
dopedonesmentionedabovebut with [Be]= ~3x 1016cm3 exhibited two
e—Be°peaks,a strong Eth peak,but no discernibleElh—Be°recombination
peak.Thus in contrastto bulk GaAs, [Be]~l0t7 cm3 would seem to be
requiredwith the GaAsquantumwells studiedto produceaneasily observed
Elh—Be°luminescence.This is regardedasevidencethat Eth excitonsin GaAs
quantumwells do not migrateeasily so that only whenthe averageseparation
of the Be°centersis comparable to the exciton diameter ~300A [11] will this
emissionbe observed.

3.4. Excitonslocalizedby weakdisorder

The exciton transitionat low temperaturein relatively pure high quality
GaAsquantumwells often exhibitsa strongresonantRayleighscattering[19].
Whentheincident laserfrequencyis well outsidethe exciton resonancea weak
Rayleighscatteringis observeddueto defectscattering.Whenit is closeto the
resonancethe Rayleigh scatteringincreasesby as much as 200 timesthe defect
scattering.The scatteringhasthe samespectraland temporalprofile as the
laserlight, andthereforecan bedistinguishedfrom the ordinaryluminescence.
Hegartyet al. [19], haveattributedthisscatteringto spatialfluctuationsof the
exciton resonancefrequencydueto fluctuationsof the effectivewell width L.
Wenote that fluctuationsin L which are multiplesof half the lattice constant
canarisefrom a step-likegrowth duringMBE, while smallerfluctuationswith a
continuousdistribution (weakdisorder)may arisefrom randomconcentration
fluctuationsof Al in thebarriers.On the basisof an assumedLorentzianmodel
for the exciton line shape,Hegartyet al. [19] haveanalyzedthe absorptionand
resonantRayleighscatteringspectraof severalsamplesto obtain the frequency
variationof the homogeneouswidth acrossthe exciton line. The results show
that the broadeningis inhomogeneouson the low-frequencysideof the absorp-
tion peak,but the homogeneouscontribution rises(and the inhomogeneous
contributionfalls) rapidly with increasingfrequencynearthe absorptionpeak.
Also the homogeneouspart increaseswith increasing temperature.These
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resultsare consistentwith the following picture of the free-excitontransition:
(a) theenergyspectrumis continuous,butdueto theweakdisorderthereexistsa
“mobility edge”nearthe absorptionpeakseparatinglocalized statesbelow the
edgefrom delocalizedstatesabovethe edge;(b) below the edgethe line shape
(inhomogeneouslybroadened)represents the density of localized states;
(c) abovethe edgethe line shape(homogeneouslybroadened)representsthe
scatteringof freely migratingexcitonsby the weak disorder.

4. Excitons in modulation doped GaAs quantum wells

It is to be expectedthat quasi-2Delectronor hole gasesin sufficient con-
centrationin GaAsquantumwells will affectthe excitoncharacteristicsof these
structures.Someinterestingeffectson the quantum-wellexcitonsbelieveddue
to chargecarriers was noted during studiesof single GaAs quantum wells
grown by metalorganicchemicalvapordeposition(MOCVD) [20]. While the
bettersamplesgrown by MOCVD werecomparableexciton-wiseto the best
MBE-grown material, many exhibited an anomalousexcitation spectrum.In
particular, the E~1transitions were weakenedcomparedto E2h, especially
Eth, all exciton peakswere broadened,the emissionwasStokesshifted from
Eih, and the photoluminescenceincreasedgraduallyas the excitation photon
energyE~approachedE1�from the high-energyside.In somecases,as shown
in fig. 4, the Eih transitionwas missing altogetherwhile the other exciton
transitionsincluding Eie werevery much in evidence.Furthermoreas T was
increasedfrom 5 K to 77 K a distinctpeakdueto Eshappearedin the excitation
spectrumnearthe expectedenergy.Theseobservationsled to the speculation
the anomalousbehaviormay be due to holes in the GaAsquantumwells [20].

4.1. p-typemodulationdopedquantumwells

Of much interest from a device as well as a physics point of view are the
“modulationdoped”structuresin which the n- or p-typedopantsare restricted
duringgrowth to thealloy barriers[21]. In order to maintaina constantFermi
level in sucha quantumwell structure,the dopantsin the alloy barriersionize
with the free carriersmigrating to the lower-energyundopedquantumwells.
Thus one hasa situationwhere the ionized impurities are spatially separated
from the carriersand the resultantcarrier mobilities high[21].

Figure 5 shows the photoluminescencespectrafor a p-type modulation

dopedsamplegrown by MBE with 20 periodsof L= 115 A GaAs wells and
150 A x = 0.44 alloy barriers.The middle 50 A of eachbarrierwasdopedwith
[Be] ~10t8 cm ~which led to a2D-concentrationNh = 5.4x 10i0 cm

2 at 5 K.
The excitation spectrumfor this sample is anomalousin the samesenseas
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Fig. 4. Photoluminescenceandexcitationspectrafrom a single GaAsquantumwell with L = 70 A
grown by metalorganicchemicalvapor deposition.In (a) at 6 K, theE

1~,peak is missingwhile
E1~(1.60eV)andEsh (1.73eV)areclearlyseenin theexcitationspectrum.At 77K (b) a peakattri-
butedto Eih appears(1.567eV) andis shiftedfrom thefreeexcitonemissionpeakby I meV. The
detectorgainin (b) is four timesthat of (a).

describedabovefor theMOCVD single-wellsamples.Suchcharacteristicshave
beenobservedwith other Be-modulationdoped multiquantum well samples
with Nh ~ cm

2.
Anothersamplealso grown by MBE had20 periodsof L = 90 A GaAs wells

andssoA x=0.45 alloy barrierswith the center43A of eachdopedwith Be=
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Fig. 5. Photoluminescenceand excitation spectraat 5 K for a p-typemodulationdoped multi-
quantumwell samplewith 115 A wells and t5oA x=0.44alloy barriers.The low-temperature2D
carrierdensityis Nh= 5.4 x 1010 cm 2 The main effectson theexcitonsdueto theholesarein the
region of Eth andF

15 asdiscussedin the text.

2 x 10i8 cm -~ to yield Nh = 5.3 x 10’ cm 2 at low temperatures.In this case,
as shownin fig. 6, at 5 K the Eth transitionis missingandthe circularpolariza-
tion showsthat the lowestenergypeakis light hole in character.However,asT
is increaseda shoulderappearson the low-energyside of the peakassignedto
E1~andfinally at 43 K a distinct peak dueto Ei,, is seenas shownin fig. 7.
Thereis a sizeableStokesshift betweenthe emissionandthe absorptionpeak
dueto Eih contributions.

It is most interestingthat the Eth exciton peakcan be completelyabsent
from the excitationspectrumat low temperatureswhile otherexcitons,both
light (E1 ,~)andheavyexcitons(E2h), still retainsignificant strength.The absence
of Ei,, at low temperaturesand its reappearanceas T is increasedhas been
observedfor anumberof differentsamplesandfor Nh aslow as ~3)< 10~cm 2

Screeningof the excitonsby theholeswould seemto beruledoutsincescreening
shouldaffect all excitonsin roughly the samemannerwhich is clearly not the
case.It hasbeensuggested[22] that at low temperaturesheavyholebandfilling
preventsthe formation of Er,, excitonsdue to the Pauli exclusion principle,
i.e., the hole statesrequiredto form excitonsare already filled. Then as the
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Fig. 6. Photoluminescence,excitation,andpolarizationspectraat5 K for p-typemodulationdoped
multiquantumwell samplewith 90 A wells and 550A x = 0.45 alloy barrierswith the center43 A
dopedto give N5 = 5.3 x I0~cm-2 The excitonpeakE1h is missingandthedip in thepolarizatton
at thepeaklabelledEr,. showsit is of light holecharacter.

temperatureis increased,holescanboil out of the bottom of thevalenceband
and henceallow the formation of the correlatedelectron—holepairs required
for Eth excitons.However,it hasnot beendemonstratedtheoreticallythat the
Pauli exclusionprinciple shouldcomeinto play at smallerhole densitiesthan
that requiredfor significant screeningof the excitons.

4.2. n-type modulationand antimodulatioadoped quantumwe/Is

Prior to the investigationof n-type modulation-dopedstructures,n-type
antimodulationdopedGaAsquantumwells were investigatedto compliment
earlierstudiesonp-typeantimodulationdopedwells [10,18]. In theantimodula-
tion dopedconfiguration,theimpurity is restrictedto the quantumwell during
growth.Moststrikingwith thesen-typestructureswas theobservationthat with
increasingn-typedoping(Si), the circular polarizationof the luminescenceat
5 K with resonantexcitationof the n =2 heavyhole excitondecreasesmarkedly
and,in fact,becomesoppositeto thatof theexcitationfor [Si] 10’ 8 cm~ [23].
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Fig. 7. Photoluminescenceandexcitationspectraat 5 K (a) and43 K (h) for thesamesamplede-
scribed in connectionwith fig. 6. At 43 K, a distinctpeak dueto F, can he seen.The emissionis
Stokesshiftedfrom this peak by ~6.5 meV.
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Furthermore,in spiteof the largebackgroundof unpolarizedelectrons,the Si-
dopedquantumwells canexhibit highly polarizedluminescence,especiallyfor
resonantexcitationof Elh. Theseanomalouscharacteristicsof thepolarization
were greatly reduced,or even absent,when the sampletemperaturewas in-
creasedto ~20 K. At the sametime, the polarizationof the extrinsic lumines-
cenceat energieslower than thatof the mainpeakis not anomalousandshows
relativelysmall changesin magnitudeover the5—20 K temperaturerange.The
mechanismthat canresult in a negativepolarizationfor resonantexcitationof
E2h in theSi-dopedGaAswells would seemto requirea spinflip of the optically
excitedelectronsand/orholes,or excitons,that give rise to the main lumines-
cencepeak.Sucha mechanismhasnot beenproposed.

Subsequently,n-typemodulationdopedGaAsquantumwells were investi-

gated.Onesuchstructureincorporated20 periodsof L = 104A GaAswell and
227 A thick superlatticebarriersdopedin the center24A with Si to give Ne
1.4 x 1011 cm 2~Thephotoluminescencefor this sampleshownin fig. 8 exhibits
all the anomalouscharacteristicsmentionedabovefor the Si antimodulation
dopedstructuresandhencesuggeststhat it is the electrongaswhich givesrise
to the negativepolarizationeffect. Although this would seemto be a simpler
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Fig. 8. Photoluminescence(dashed),excitation(solid),andpolarization(dashed-dotted)spectraat
5 K for ann-typemodulationdopedGaAsquantumwell sampleL = 104 A andsuperlatticebarriers
x 10.3, doped in thecenter24 A with Si to give N, = 1.4 x lO~~cm 2, Thephase of the detected
polarization signal has been changed by 180°betweenE,~l.6l7eVand 1.652eV so that the
polarizationdetectedis actuallynegativefor excitationbetweenthesetwo energies,i.e., for resonant
excitationof E2h.
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systemto investigatefrom a theoreticalpoint of view than the Si-dopedwells, a
viable mechanismhasyet to be proposed.

The excitationspectraof the GaAswells dopedwith electronsor Si donors
exhibit some of the samecharacteristicsas p-type modulationdoped GaAs
wells. In particular,one observesa broadeningand weakeningof ~ relative
to E2h, the gradual rise in the luminescencelevel as E0 approachesE~,from
above,and a Stokesshift betweenemissionand absorption(excitation). Al-
though some datasuggestthat Eth is affected more than E,, in the electron
containingGaAswells, the effects are not nearly as pronouncedas thosefor
holesin the wells as discussedabove.In contrastto the p-typequantumwells,
with N,~5x 10~~cm

2, thereis no evidenceof E,~and perhapsother low
lying exciton transitions[24]. However thereis a weak modulation, ~15 ~,

on the excitation spectrumfor higherquantumnumbertransitionsindicating
weakenedelectron holefinal stateinteractions,presumablydueto screening.

4.3. Stokesshifts

It has been noted that Stokesshifts betweenemissionand absorptionare
observedfor the modulationdopedGaAsquantumwells. Attemptsto explain
the size of the Stokesshifts with a simplemodel which assumesequalexciton
contributions in absorptionand emissionhave not met with success.This
model also includes;effects that arise from the electrostaticpotential (band
bending)due to the chargetransfer from the alloy to the quantumwell [21],
calculationsof the resultantelectronandhole energylevels, andcomputations
of the Fermi level.As an exampleof thefailure of this simplemodel,for electron
andholedensitiesin the range1 2 ~ cm2, the observedStokesshifts are
significantly smaller than that predicted by the simple model, typically by
about 5 meV. Theseresultsmay he indicating that exciton effectsare signifi-
cantly less in emissionthan in absorption.Thereare also somedifficulties with
thesampleparametersalthoughit appearsthat this cannotbetheonly problem.

5. Fitting GaAsquantum well exciton transitions — energy gap discontinuties

Dingle et al. [4] werequite successfulin fitting the seriesofexcitontransitions
for GaAs quantumwells as observedin absorption.The parametersused in
this early work haveby and largebeenaccepteduntil very recently.Of most
importanceis the division of the energy-gapdiscontinuityAE

5= Eg(AlGaAs)—
E5(GaAs)betweenthe conduction and valenceband wells. It was concluded
that the Aii=O allowedtransitionscould be fit with aconductionband offset,
AE0=QeAEg,with Qe=0.85±0.03which then leadsto a valenceband offset
L\EV=QhL\E5=(l —Q0)AE5 with Q~=0.l5±O.O3.The effective massesem-
ployed were; m~’=0.0665m0, ‘n~’=O.

45m
0, and mr =0.080m0. Dingle et al. did
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Fig. 9. Photoluminescence(dashed),excitation(solid),andpolarization(dotted)spectraat 5 K for
anundopedGaAsmultiquantumwell samplewith L = 180A wellsand211 Ax = 0.29 alloy barriers.
Thephaseofthepolarizationhasbeenchangedby 180A for excitationat E5 = 1.53eV to showthe
negativepolarizationdueto E,5.ForE5equalto theenergyoftheforbiddentransitionE~,a distinct
increasein polarizationshowsthis transitionis of heavyholecharacterleadingto the assignment
E13h

notclaim to fit the forbiddenexciton transitionswhich appearedin the data.
Polarizationmeasurements[5], including the data in fig. 9, show that this
forbiddentransitionis heavyholein characterso that it hasbeenassignedto
the An=2 parity allowed exciton involving the n=l electron and the n=3
heavyhole, i.e., E13h. For GaAswells with L=IOOA andx=0.3 alloy barriers,
thecalculated(aboveor “usual” parameters)andobservedE~3h exciton transi-
tionsenergiesmeasuredfromthe Eth peakare38 meVand64 meV,respectively.
This seriousdiscrepancyhas beenknown for some time but hasnot empha-
sized[4].

5.1. ParabolicGaAsquantumwells

GaAsquantumwells with a parabolicpotentialprofile havebeengrown by
MBE and their photoluminescencepropertiesinvestigatedat low temper-
atures[25]. Parabolicpotentialwells areof specialinterestsincethe Q’s appear
directly in the eigenvalueexpressions.Forsquarewells with infinite barriers

E~1=(l/2mr)[nirt//L5]
2, (1)

wheren=1,2,3,etc. With parabolicwells

E~
1=(n—1/2)/lw01, (2)
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whereagainn = 1,2,3,etc. andw
01 = ~/k1/mrwith K1 equalto the curvatureof

the parabolicwell. Defining K1 by the potential height of the finite parabolic
well with ~= ±L/2,namely,Q1z~E5.onehas

E~1=2(n—1/2) ~ ~

Parabolicprofiles of aluminum content were generatedby chopping an
aluminummolecularbeamwith a computercontrolledshutter.Theduty ratio
during which the aluminum beamwas turned on was madeproportional to
the desiredconcentrationandpotentialprofile, reachingunity for thebarriers.
Eachwell consistedof 41 layers.Threesamplesweregrown by this technique.

Photoluminescencemeasurementsat 5 K shownin fig. 10 reflectthe expected
harmonicoscillatorlike electronandhole energylevels.Analysesof theenergies
of the variousexciton transitionsandtheir polarizationcharacteristicsleadto
their identification.Differencesin theenergiesof thesetransitionsarethenused
to determinethe electron,heavy hole, and light hole energy level ladders,
/XEe, AEh, and ~ respectively.For theseestimates,the binding energiesof
all the excitonswereassumedequal.
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Fig. 10. Photoluminescence(insert) andexcitation spectraat 5 K for GaAs quantum wells with a

parabolicprofile. Thewells wereof width L = 510 ±35 A measuredat the225A wide x = 0.30±0.06
alloy barriers.Short vertical bars show thecalculatedenergiesof the various heavy holeexciton
transitionswith Q,0.51 andtheusualeffectivemasses.The integersbelow thepeaksrepresentthe
calculatedstrengthsnormalizedto 100 for F,5 (without the resonantenhancement)and demon-
strate,in agreementwith the data,that the An=2 transitions gain strengthrelative to the An=0

transitionsas n increases.
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The agreementbetweentheseexperimentalAE1 and thosecalculatedfrom
eq.(3) wasvery poor.Removingthe L dependenceby taking ratios gives, for
example,AEe/AEN=2.6for the experimentalvalue to be comparedwith the
calculatedvalue

[Qem~’/(1 Qe)m~’]
2ó.0, (4)

usingthe usualparameters.Thisdiscrepancyis not significantly improvedusing
an exactcalculationfor E~

1which takesinto accountfinite barrierheightsand
thevariationof the effectivemasswith z. With theusualeffectivemasses,eq.(4)
requiresthat Qe ~0.5 to fIt the experimentalratio 2.6, in markedcontrastto the
usualvalueof 0.85 [1,4]. Themanyallowedandforbiddenheavyholetransitions
observedwith the parabolic well samplescan be fit accuratelywith Qe ~Qh

usingthe usualeffectivemassesasshownin fig. 10. However,Qe ~0.5with the
mr cited abovedoesnot leadto satisfactoryfits of observedseriesof exciton
transitionsforsquarewells,andconversely,Q~= 0.85doesnotleadto acceptable
fits of theparabolicwell data.

5.]. Un~fiedpicture

It is clear that what is neededto fit the squarewell forbiddentransitionsis a
smallerheavyhole massand/ora larger Qh thanusually assumed.As a result,a
heavyholemassof 0.34m0hasbeenproposedfor thesequantumwell structures
[26]. Thisvalueis consistentwith thatutilized in sometheoreticalwork [27,28]
andalso obtainedby Kleinmanin someearlierattemptsto fit squarequantum
well dataforwide wells [15]. With thism~andtheusualm~,Q~~O.57is required
to fit the parabolic well L~Ee/AEhdatavia eq. (4). Similar argumentswith

Qe =0.57 for the light hole transitionsfor parabolicwells requiresthat m~’=
O.94m0which is about7 % larger than the value(0.088m0)preferredearlier for
squarewells. Thus the new parametersproposed[26] for bothparabolicand
squarewells are; Qe’0.57, m~’=0.0665m0,m~’=0.34m0,andm~=0.094m0.

Theenergiesof thevariouslight andheavyholeexciton transitionshavebeen
calculatedwith thesenew parametersas a function of L for squarewells. As
shown in fig. 11 thesecalculatedenergiesare found to be in good agreement
with the correspondingexperimentalenergiesincludingthosefor the forbidden
transitionsdeterminedfrom excitation spectra for ten different high-quality
multiquantumsquarewell samplesgrown by MBE with L rangingfrom 51 A
to 521 A andalloy barrierswith x~0.3.

The new parametershavebeenobtainedin such a mannerthat the ratios
involving the z~E1for the parabolic wells agreewith the parabolicwell data.
Howeverthe valuesof L requiredvia eq. (3), or the exactcalculation,for the
calculatedAE1 to agreewith the datausingthe new parametersare in agree-
ment with thevaluesof L estimatedfrom thegrowthparameters.Thisis thecase
for all threeparabolicwell samples[26].
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fig. II. Logarithm of the observedenergiesof theexcitontransitions F~measuredIrons the a =

heavyholeexciton E5 versusthelogarithm of L for a seriesof high-quality squareGaAs multt-
quantumwell sampleswith x = 0.30±0.05alloy barriers.The solid lines arcthecalculatedF1 Eli
using the new parameters:Q~=0.57. m~/n,0=0.0665.m~/ni0=0.34. and m7,.tti11=0.094.Thedashed

line representsE, ~ F,,, calculatedwith the usual parameters.Q~=0.1)5 and m~’in0=0.45.

The calculationsdiscussedabovedo not include effects due to the non-
parabolicity(NP) of the conductionandlight hole bands.For the heavy’ hole,
NP is negligible. The effects of NP on the eigenvaluesftr both squareand
parabolic wells havebeenestimatedand are found to he of order 7 ~ for the
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highestenergiesand hencenontrivial, but generally too small comparedto
otheruncertaintiesto effect significantly the comparisonbetweentheoryand
experiment[26].

Thusasingleset of parametersleadsto acceptablefits to theobservedexciton
transitionsfor bothsquareandparabolicpotentialwells. A fine tuningof these
parameterscould leadto slightly differentQ values,butthe extensivedatacited
herein,andotherdataof a different naturenot cited,lend strong support toQ~~0.6 in contrastto the previously acceptedvalue Qe ~0.85. Theseresults
emphasizethe importanceof theforbiddenexcitontransitionsandtheparabolic
quantumwells for determiningthe GaAsquantumwell parameters.
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