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We review the effects of a longitudinal electric field on the optical propertiesof semiconductorquantum wells and
superlattices,emphasizingrecent developmentson the latter, such as the observationof the Stark ladder, field-induced
localization, andchangein dimensionalityof superlatticeexcitons.

1. Introduction to the field of semiconductorelectro-optics,open-
ing thedoor, oncemore, to new applications.

The applicationof an externalelectric field to a This article highlights the major effects of a
semiconductoraffectsdrastically its optical prop- static longitudinal electric field on the optical
erties, by broadeninginterbandtransitions and propertiesof quantumwells andsuperlattices,em-
producing oscillatory structurein their neighbor- phasizing the latest developments.Since several
hood (Franz—Keldysheffect), and by weakening, papershavealreadyreviewedthe effectsof a field
and even destroying,the binding of electronsto in isolatedquantumwells [3—5],we limit ourselves
impurity or excitonic states.This field-induced to a summaryof the main resultsin section2. The
ionization of excitonsand the subsequentspatial formation of Stark laddersand field-inducedlo-
separationof both types of carriers limited for calization in superlattices,as demonstratedby
many yearsoptical studiesof semiconductorsun- optical experiments,is consideredin sect. 3. Fi-
derhigh fields, especiallyradiative-recombination nally, sect. 4 discussesimportantconsequencesof
processes. theseeffects,namely,variablequantumcoherence

The realization that the confinementof elec- of the electronic wavefunctions,“blue” shift of
trons and holesprovidedby the potentialbarriers theemissionandabsorptionspectra,and a change
of a quantumwell can overcomethoselimitations in thedimensionalityof excitons.
[1] has madepossibleto applicationof longitudi-
nal fields (perpendicularto well interfaces)larger
than 1O~V/cm, offering new vistas in semicon-

2. A quantumwell in an electric field: the Stark
ductor physics and providing opportunities for effect
novel electro-opticaldevices.More recently, the
observationof Stark laddersin superlatticesunder
electric fields and the field-inducedlocalization of An electric field, S”, perpendicular to the
electroniccarriers[2] hasbroughtnew momentum material interfaces of a quantum well couples

statesof oppositeparity, producingsecond-order
effectsin their energiesand wavefunctions.Thus,
the ground-stateenergyis decreasedandthe elec-

* Permanentaddress:Instituteof Materials Scienceof Madrid tron (hole) wavefunctionis polarized oppositeto
(CSIC) Spain. (along) the direction of the field, as indicatedin
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fig. 1. As in atomicphysics,werefer to this double ENERGY (eV)
effect on an isolatedquantumwell asStark effect, 1.52 1.50 1.48 1.46 1.44 1.42 1.40

1111111 I I I

becauseof its analogywith that of anelectric field
on an isolated atom. Perturbation-theorycalcula-
tions that assumeinfinite barrierheight yield for ~1.02V 230A ow
the shift of the ground state[6], L

= —2.19 X 10~~m*e2~2L4 (1) ~ /~o.~v T=5KI-
z
~

where m* is the effectivemassand L is the well u.i
I—width. This approximateresult, although valid

only for weak fields (eEL ~ech2,r2/2m*L2), il- u~ x3
0

lustratesthe direct dependenceof the Stark shift z
Ld

on the effectivemassand,mostof all, on the well o
(I)

width.
z

Calculationsapplicableto a broaderrangeof
fields,whethervariational[6] or quasi-exacttreat- xi~J~~V

ments based on transmission-probability[7] or 0

—28V

qualitative dependenceand show that the finite- I I I Itransfer-matrix [8] formalisms, confirm that 0 bulk GaAs xlOI
8200 8400 8600 8800nessof the potential barrierdrastically enhances

WAVELENGTH (A)
the effect of the field. As an example,a field of -

Fig. 2. Photoluminescencespectraof a 230 A GaAs—Ga
065

i0~V/cm shifts theelectron(hole) statesof a 100 Al0 35As quantumwell for various electric fields appliedvia a

A GaAs—Ga0.65 035As quantum well by —6 Schottky-barrierconfiguration.The field induceslargeshiftsof
meV (—15 meV); the shift becomesas large as the luminescencepeaksto lower energiesand decreasestheir

— 55 meV (— 81 meV) for a 250 A well, intensitiesasa resultof theStarkeffect (adaptedfromref. [8]).

11—1 ~5 V/cm The Stark effect was first proposedto explain
the field-inducedshift and quenchingof the pho-
toluminescenceof narrow GaAs—GaAIAs quan-
tum wells [1]. Since then, a variety of optical

_________________ IIII~III~J~I [10], Raman scattering [11], photoluminescence
experiments (absorption [9], photoconductivity
excitation[12], etc.)haveconfirmedthe Stark shift
and polarization effect and shown their signifi-
cancein wide wells, in which shifts in the funda-

__________________ - - - -~ mentalinterbandtransitionof over100 meV have
been observed,as exemplified in fig. 2 by the

photoluminescencespectra of a 230 A GaAs
L=100 A - quantumwell imbeddedin a Schottkydiode. The

Fig. 1. Schematicrepresentationof the conduction- and Va- strong dependenceof the Stark shift with well
lence-bandquantumwells of a typical semiconductordouble width is shown in fig. 3, where experimentalre-
heterostructuresuch asGaA1As—GaAs—GaA1As,showing the sults for threedifferent thicknessesare compared
wavefunctionsand energiesof thegroundstatesin theabsence with variationaland transfer-matrixcalculations
of (left) or in thepresenceof (right) an electricfield perpendic- [8]
ular to the heterostructureinterfaces.The figure is scaledto
show the effects of a field of 10~ V/cm on a ioo A The electric field shifts not only the ground

GaAs—Ga065Al035 As quantumwell, level of the quantum well but also its excited
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I I I for wells over100 A, reducingits valueby almost

STARK SHIFT 50% for L = 200 A at f’= iO~V/cm (ref. [16]).
The capabilityof excitonsin quantumwells to

1 52 ~ “~?~ ~ 1 3oA sustain high electric fields, together with their
~ bulk GaAs large binding energy, has made possible novel

~11s~ O~ ~ applicationsthat takeadvantageof the Stark shift
• in the absorption coefficient, to produce room-

> i 6oA temperaturemodulators [9] with switching times
down to 131 Ps (ref. [17]) and self-electro-optic

1.48 ‘ devicesformed, for example,by a modulatorcon-
nectedin serieswith a resistorto produceoptical

bistability [18]. Similarly, frequency and am-
LU plitude-tunablelasers havebeenproposed[1,19]

and some of them have already been dem-
144 °~\ 230A

onstratedexperimentally[20]. Ultrafast optically
nonlinearstructureshavealso beensuggested,em-
ploying wells subject to an electric field and ex-

o cited by photonsof energybelowthe fundamental
energygap,which screenthe field by virtual elec-

1.40 ixO~ 1 5 ~ tron—holepolarization[21,22].
X . X The fundamentaleffectsof an electric field just

F I EL D (V/cm) summarized,although originally demonstratedin
Fig. 3. ComparisonbetweenexperimentalStark shifts (circles) GaAs—GaAlAswells, havebeenobservedin other
of GaAs—Ga

065 Al035As quantumwells of variouswidthswith 111—V material systemsthat may be advantageous
calculatedshifts. Continuouslines correspondto transfer-ma- . .

trix calculationswhereasdiscontinuouslines arefor variational for certain optical applications,such as InGaAs—
results(from ref. [8]). InAlAs [23], InGaAs—InP[24], InGaAsP—InP[25]

and GaSb—GaA1Sb[26], and in wide-gapIl—VI
compoundslike ZnSe—ZnMnSe[27].

states,although the sign of the shift of the first
excitedstateis generallyoppositeandthe magni-
tudesmaller.Infraredabsorption[13] experiments
in 120 A wells under ~ z~3.5 X iO~iV/cm, have 3. A superlattice in an electric field: the Stark
shown positive shifts of up to 1.5 meV for the ladder
inter-subbandtransitioninvolving the groundand
first excited states,as a result of the opposite The effectsof an electric field on the optical
Stark shift of both levels, propertiesof superlatticesare bestunderstoodby

The polarization,without completeseparation, considering first the simple case of a double
of electronsandholesinducedby the field hastwo quantumwell. The degeneracyof the statesof a
importantconsequences:an increaseof the radia- systemformed by two identicalwells is broken if
tive recombinationlifetime and a decreaseof the thereis couplingbetweenthem. Thus, the ground
exciton binding energy. The former effect is sig- stateof an individualwell is split into “bonding”
nificant, as demonstratedby time-resolvedlumi- and “antibonding” states,whose corresponding
nescenceexperiments[14] in wells wider than 100 wavefunctionsare spreadthroughoutthe double-
A. (A competingeffect, the tunneling of carriers wall structure. In practice,such a coupling exists
out of the quantumwell, dominatesthe time con- when the barrier between the wells is narrow
stantsfor thin wells, causing an apparentreduc- (typically less than 50 A), so that the electronic
tion of the decay time [15]).The effectof the field wavefunctionof either well has a significantam-
on the excitonbinding energy is also appreciable plitude in thebarrier.
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An electricfield perpendiculartothe well planes _______________________________
reduces and eventually destroys that coupling,
producing an increaseof the energy-levelsep-
aration, linear with ~. Simultaneously,the wave- _______________________________
functionsare gradually localized[28], until at very ()
high fields, oncelocalization into individual wells
is complete, the quadratic Stark effect may be-
come significant. Theseeffects have been dem-
onstratedexperimentallyby absorption[29] and
luminescenceexcitation [30] spectroscopy,which
hasrevealedinterbandtransitionsbetween“bond-
ing” and“antibonding” statesof the valenceand
conductionbandsand their dependenceswith ~.

In a materialsystemformedby a periodicarray
of N identical, interactingwells, with periodicity
D, the energy spectrumis formed by N discrete
energy levels whoseseparationdecreaseswith the
number of wells. In the limit of very large N

(c)(superlattice) the spectrum is quasi-continuum,
forming a minibandcenteredaroundthe eigenen- Fig. 4. Conduction- and valence-band profiles for aergy E0 of an isolated well and with an energy GaAs—Ga1 ~Al~As superlatticein the absence(a), or in the

bandwidth ~, while the electronicwavefunctions presenceof an electric field (b), (c), along the superlattice

are extended throughout the entire superlattice direction. At 4’= 0, the electronand hole wavefunctionsare

(seefig. 4(a)). delocalized and interband transitions take place between
minibands. At moderate fields (b), electron and light-hole

An electric field ~ along the axisof the super- statesare partially delocalizedwhereasheavy holes are fully

lattice decreasescoupling betweenquantumwells, localized.Interbandtransitionsinvolve Stark-ladderstateslike
which is at the origin of minibandformation,and the onesrepresentedherefor the conductionband. For sim-

producesa splitting of eachminibandinto discrete plicity we have not included in the figure the Stark-ladder

states with energies given by E0±neé~’D (n = statesassociatedwith light holes.At high fields (c), all states
0, ±1, ±2,...), which constitute the so-called are completely localized and transitions take place betweenlevels correspondingto isolatedquantumwells. The diagrams
Stark ladder. The reducedcoupling produces a are scaled for a 40 A—20 A superlatticewith x = 0.35, and

partial localization of the extended superlattice fieldsof 2 x iO~V/cm (b), andi0
5 V/cm (c).

statesto a region ~/e~ andan oscillatorymotion
of frequencye~D/h (Bloch oscillation). These electronicmotion canbe restrictedto distancesof
ideas, explicitly stated long ago for crystalline the order of D for moderatelyhigh electric fields,
solids in general[31], so far had evadedobserva- i—’ iO~V/cm.
tion. Indeed, some of the conceptsstirred con- Optical experimentsare most suitable to study
troversyfor sometime, and,for example,the very the formation of Stark ladders,since each level
existenceof the Stark ladder had beendisputed gives rise to an interbandtransition with a char-
[32]. Several groups have suggestedthat those acteristicenergy,which in turn varieslinearly with
effects, were they to exist, shouldbe more easily electric field, The energiesof interbandtransitions
observablein semiconductorsuperlattices[33—35]. betweenconduction-andvalence-bandStarkstates

In a three-dimensionalsolid, in which D is of of indices n and m, respectively,are given by [2]
the order of A and ~ of eV, respectively, the Enm(~) = E

00( ~) + (n — m)e
electronis confined,for anyrealistic field (S’ < 106

V/cm), to a region that would include many ~ m = 0, ±1,±2,...), (2)
atomic sites. In contrast,in a superlattice,with a where E00 is the intrawell (n — m = 0) transition
period of 60 A and ~ around 0.06 eV, the energyin the isolated-welllimit.
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Photoluminescenceandphotocurrentmeasure- I I I I I I
~(kV/cm)

mentsin GaAs—GaA1Asheterostructureshavere-
cently provided the first observationof the Stark
ladderin semiconductorsuperlattices[2]. In that
system, as in most other Ill—V heterostructures,
the valence-bandground state correspondsto a
heavy-holestate,so that the correspondingmini- *

band has a bandwidth ~h much smaller than c 15a,
L

16 —

eitherthe electronor light-holeminibands’widths.
Consequently,the localizationfield, ~ = is/eD, is

0 20considerablelower for heavyholes than for elec-
trons, and there is a field range in which heavy 24

holes are fully localized while electronsare par- 27

tially extended.
This intermediate-fieldrange is illustrated in 31

fig. 4(b) for ef’= 2 x iO~V/cm applied to a / Oh

GaAs—GaAlAssuperlatticewith 40 A wells and
20 A barriers. The electronwavefunctionassoci-

167
atedwith well 0 spreadssignificantly, although I I I I I I

with decreasingamplitude, to several adjacent 1.60 1.64 1.68

wells.Similarly, stateswith wavefunctionscentered Energy (eV)
in neighboringwells (e.g., ±1, ±2)haveapprecia- Fig. 5. Low-temperature(T = 5 K) photocurrentspectra(offset

ble amplitudesat 0. In contrast,thecorresponding vertically for clarity) of a 60-A-periodGaAs—Ga
065Al035As

hole wavefunctions are confined to individual superlatticeat variouselectricfields. Thelabelsat intermediate
fields representthe indexesof the Stark ladderfor electrons,

wells.Then,ahole localizedin oneparticularwell, and at very high fields indicate the transitions betweenfully
let us say 0, canundergoan optical transitionnot localizedholeandelectronstates(from ref. [43]).

only with an electron enteredin the same well
(intrawell transition),but also with otherstatesof
the electronicStark ladder, centeredin different fig. 5 are summarizedin fig.6 as a function of
wells (interwell transition). These transitions, field, for transitions involving both heavy and
sometimescalled “non-vertical”, are characterized light holes. In the former set up to nine branches
by shifts relative to the intrawell transition in are observed at low fields, emergingfrom the
unitsof e~D(ve~D,v = 0, ±1,±2, ±3...),and spectralregioncoveredby the miniband(between
their observationconstitutesthe clearestdemon- full squares)at zero field andwith slopespropor-
strationof the Stark ladder. tional to their Stark index. Although not ascom-

Figure 5 shows low-temperaturephotocurrent plete, a “fan chart” of similar characteristicsis
(PC) spectraof a 60 A superlatticefor various obtained for light-hole transitions, It should be
electric fields. In the intermediate-fieldregimeup notedthat in this casesomedifferenceexistsfrom
to sevenstructuresequallyseparatedin energycan the heavy-holetransitions,sinceboth the electrons
be identified simultaneously,correspondingto an and light holes are partially delocalizedat mod-
intrawell and six interwell transitions.Their labels eratefields.
in the figure representthe Stark-ladderindices As observedin fig. 5, at veryhigh fields the PC
relativeto the intrawell transition. With increasing spectraconsistof two structures,labelled Oh and
field, thehigher-indexstructuresdecreasein inten- 01, on a step-likebackground.Thesetwo features,
sity and eventuallydisappear,as a reflection of correspondingto intrawell transitionsfor heavy
the increasingconfinementof the electronwave- andlight holes,respectively,are the only ones that
functions. remainat fields well abovethe localizationfield of

The energypositions of the PC structuresof electronsandholes (-‘- 120 kV/cm for the hetero-
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structureof fig. 5), that is, when both types of I I I I I I I I I

carriersare fully confinedto individual wells, as —~
5) e

sketchedin fig. 4(c). At such high fields, evenfor - -

the quadraticStark effect of an isolatedwell be-wells as narrow as thosethat form a superlattice,
0

comesappreciableandleadsto small “red” shifts ‘—

of the Oh and 11 transitions,appreciablein fig. 5.
Although theintensitiesof thehigh-index struc- C

ing ~ at high fields, the behavioris much more A

~~ 30/35A ~ ,turesin fig. 5 decreasemonotonicallywith increas- superlatilce Lo..r
75l5V0complicatedat low fields. For example,at ~= 13 EkV/cm the —2 transition dominates the spec-

trum, whereasat 20 kV/cm — 1 is dominant. I I I I I I I I

Tight-bonding calculations of the superlattice 0 20 40 60 80

wavefunctions under a field have predicted the Electric field (kV/cm)
general behaviorof the absorptionspectra,with Fig. 7. Ramanintensity of theLO GaAsphonon asa function

of electricfield for a 30 A—35 A GaAs—Ga
065Al035Assuper-their multiple stepsfor the varioustransitions[36]. lattice, for an incident photon energyof 1.751 eV. The strong

However, since thosecalculationsdid not include enhancementof theRamanintensityat — 55 kV/cm is dueto

the coulombic interaction between electron and a double-resonancecondition inducedby the n1 = 0 and n2 =

holes,a direct comparisonwith experimentalspec- — 1 statesof the Stark ladder, sketchedin the inset in sim-

tra, in which excitonic featuresare dominant, is plified form.

not possible.A more recent calculation that in-
cludesthat interaction,although subject to some
approximations, representsa first attempt to The Stark-ladderstatesof a superlattice can

also be probedby Raman scattering.The crossestimatethe relativestrengthof the excitonstruc-
tures [37] section for Raman scattering is enhanced by

severalordersof magnitudewhenthe energiesof
the incident and scatteredphoton both coincide
with two electronic transitions, thus achieving

1 .72 doubleresonance.This condition requiresthe ex-

istenceof threestates,two of them separatedby

> 1.68 ~ the energy of a phonon.Two Stark-ladderstates,
__ combinedwith a valence-bandstate,can provide

sucha resonancewheneverthe separationof Stark¼__.~ I — S

~1.64 states of indices n1 and n2 equals a phonon
energyEPh00 (seeinsetof fig. 7), that is, when

1 .60
~(kV/cm) = 100EPhO0(MeV)/D(A)(nl—

I (3)

1.56 I I I I

0 20 40 60 80 ioo Light-scatteringmeasurementsin 60 A-period
Electric field (kY/cm) GaAs—GaA1As superlattices have demonstrated

Fig. 6. Experimentalinterbandtransitionenergiesasa function this field-induced double resonance [38]. A
of electricfield for thesuperlatticewhosephotocurrentspectra summaryof the results is shown in fig. 7, where
areshownin fig. 5. Full (empty)circles correspondto transi- the intensityof the peakcorrespondingto a GaAs
tions between heavy-hole (light-hole) and conduction band longitudinal optical phonon is plotted as a func-
states.Full (empty) squaresindicate the edges of interband tion of the electric field for an incident photontransitionsat 1i’ = 0 that involve electronand heavy- (light-)
hole minibands. Straight lines are least-squaresfits to the energyof 1.751 eV. This energycorrespondsto the

experimentalpoints(adaptedfrom ref. [43]). separationbetweenthe n1 = 0 Stark state of the
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conductionbandand theheavy-holevalencestate The “blue” shifts in fig. 5 amount to 15 meV
(which is fully localized at small fields), so that and 26 meV, valuesthat, although quite signifi-
Ramanscatteringis at leastsingly resonantat all cant, are less than thoseto be expected,oncewe
fields. When ~ satisfies eq. [3] for n1 = 0 and considerthat in that case = 70 mev, ~ihh = 4

= —1, that is, when ~= 55 kV/cm, the meV and ~lh = 58 meV when the following
double-resonanceconditionproducesa drasticen- parametersare used in a simple Kronig—Penney
hancementof the Ramanintensity, as seenin fig. calculation:0.31 eV (0.19 eV) for the conduction
7. A similar resonancefor n2 = —2 at el~=27.5 (valence)band barrier heights, and 0.067 (0.089),
kV/cm, although in principle possible, has not 0.34(0.51),and0.094(0.12)for the effectivemasses
beenobserved. of electrons,heavy holes, and light holes in the

Photoluminescence[2], photoluminescenceex- well (barrier), in units of the free-electronmass.
citation [2] and electroreflectance[39] measure- The origin of the differencesis at least two-fold.
ments have also revealed the Stark ladders in On the onehandthereis the quadraticStarkshift,
GaAs—GaAlAs superlattices.However, the com- that becomesincreasinglyimportantat high fields,
plex natureof thoseprocessesmasks in part the reaching13.8 meV (17.4meV) for the heavy(light)
beauty and simplicity of absorption(or absorp- holetransitionsat 250 kV/cm. On the otherhand,
tion-like) spectra.A smallernumberof the mem- thereis a localization-inducedincreaseof the exci-
bers of the Stark ladderhas been observedby ton bindingenergy.
absorption experiments in GaInAs—GaAlInAs In the absenceof an electric field, since the
[10]. Non-optical techniques,such as deep-level electrons and holes are itinerant throughoutthe
transientspectroscopy[41]andtunneling[42],have superlattice,the binding energy of the excitonsis
also provided limited evidenceof Stark statesin not verydifferent to that of bulk semiconductors;
superlattices. for D = 60 A it is about6 meV. The field-induced

localization reducesthe spatial extent of the elec-
trons and holes, producing an increasein the
excitonicenergy,and,undercompletelocalization,

4. Consequencesof the Stark localization the exciton becomesquasi-two-dimensional[43].
Such a change in dimensionalityis illustrated in

The Stark-ladderstatesgive rise to featuresin fig. 8 for a 40 A—40 A superlattice,where the
the absorptionor photocurrentspectra that shift binding energy,measuredfrom the differencebe-
linearly with ~, andeventuallydisappearat high tweenthe exciton peakand the continuumof PC
field. But, in addition, a comparison between spectra,is plottedagainstthe electric field. Varia-
high-field andzero-fieldspectra(seefig. 5) reveals tional calculationsof the intrawell excitonic en-
a shift to higher energiesof the absorptionedge. ergies [36], within the envelope-function ap-
Sucha “blue” shift is adirect consequenceof the proximation,havebeenable to reproducethe ob-
breakageof the superlatticeminibandsinto local- served three-to-two-dimensional transition, as
izedstatesin thehigh-field limit [33].At e~=0, the shownin fig. 8.
energiesof the interbandtransitionsT1 and T2 Another important consequenceof the forma-
(see fig. 4(a)) for heavy and light holes, respec- tion of Stark laddersis an oscillatorybehaviorof
tively, correspondto the differencesbetweenthe the optical absorptionas a function of the electric
bottomof theconductionminibandandthe topof field, for fixed photonenergy h ~. According to
the valenceminibands. On the otherhand, when eq. [2], wheneverc~is suchthat

~> ~ thecorrespondingtransitionsinvolve states hw=E0+veó’D~v=±1,±2,...), (4)
localized in uncoupledwells (fig. 4(c)). Since the
energiesof theselevels are to first approximation thereis an enhancementin the absorptioncoeffi-
at the centerof the superlatticeminibands, the cient producedby the transitionof index v. Such
transition energiesat high fields will increaseby an increase,which is periodic in the reciprocalof

(~e + ~hh)/

2 and (~e + ~1h)/2, respectively, the field, leadsto several regionsof strong nega-
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20 I I I I I I electron wavefunctionsremaincoherentat e~=0

for at least ten periods,in view of the ten different
transitionsthat canberesolvedat verylow fields.
(Although only nine heavy-hole transitions are

16 ° representedin fig. 5, a tenth one,correspondingto
0 - = —6, was resolvedas a negative-resistancefea-

00 - ture in the photocurrentcharacteristics[44].) This

O~’ • largecoherenceis maintainedfor temperaturesof
12 ~ ~ at least up to 200 K, suggestingthat it is not

7 restrictedby inelastic scattering The actualhm,it
/ may be due to the small fluctuations in layer

.1 thickness or alloy composition which seem to

S •/ affectmuch moreto superlatticeswith longperiod
once inhomogeneousbroadeningbecomescorn

/ parable to the superlatticebandwidths Indeed
— measurementsin heterostructureswith 60 ~ D ~
SL 85 A havedemonstratedthat coherenceis gradu-

I I I I I I ally reducedwith increasing D, to two or three
0 40 80 120 periods[44].
Electric field (kV/cm) The observationof coherenceeven at room

Fig. 8. Exciton binding energyas a function of electricfield in
a 40 A—40 A GaAs—Ga

065A1035Assuperlattice.Full (empty) temperaturemakesStark-laddereffectsattractive
circles are for heavy-(light-) hole excitons.The solid (dashed) for applications.Thus, the localization-induced
curve representsthe calculatedvalues for the heavy- (light-) blue shift has been usedrecently to obtain large
hole exciton. The shadedareadepictsthe expectedrangefor absorptionmodulation in a self-electro-opticde-
the heavy-holeexciton binding energy: between the super- vice [45].
lattice (SL) andthe isolatedquantumwell (QW) limits at zero

field. The developmentsof the last few years re-
viewed here have contributedto a better under-
standingof verybasicideasin the theoryof solids

tive differential resistancein the photocurrent— under electric fields, and have proved concepts
voltagecharacteristicsof p-i-n structures,as dem- that were once quite controversial, such as the
onstratedrecently[43]. Stark ladder. To a large extent theseadvances

Finally, the observationof Stark-laddertransi- havebeenpossibleby a dramaticimprovementin
tions providesa direct measurementof the quan- material’s quality, as attestedby the demonstra-
tum coherenceof the superlatticewavefunctions. tion of long electroniccoherencein artificial su-
In real superlattices,even in the absenceof any perlattices.Novel structuresbasedon them that
electric field, thereis a certaindegreeof wavefunc- take advantageof their reducedBrillouin zones
tion localization createdby deviationsfrom per- will undoubtedlyfollow, not only for optical ap-
fect periodicity,caused,e.g.,by well-width or bar- plicationsbut also for devicesbasedon transport
rier-height fluctuations.Under strong localization along the superlatticedirection.
the wavefunctioncoherencecan be reducedto a
few periodsandevento a singlewell. As hasbeen
described above, in the presenceof an electric Acknowledgements
field the numberof interwell transitionsinvolving
heavyholesmeasuresdirectly the spatialextentof This work has beensupportedin part by the
the electronicstatesat that field, andconsequently Army ResearchOffice. One of us (FAR) has be-
extrapolation to zero-field gives their maximum nefitted from a fellowship of the Microelectronics
coherence. Programof the SpanishMinistry of Education

For the 60 A-period superlatticeof fig. 5, the and Science.



E.E.Mendez,F. Agu//ó-Rueda/ Opt/ca/propertiesof QWsand SLsunderelectricfields 231

References [22] D.S. Chemla, DAB. Miller and S. Schmitt-Rink, Phys.
Rev. Lett. 59 (1987) 1018.

[1] E.E.Mendez,G. Bastard,L.L. Chang,L. Esaki,H. Morkoç [23] K. Wakita, Y. Kawamura, Y. Yoshikuni and H. Asahi,
and R. Fischer, Phys. Rev. B26 (1982) 7101, and Proc. Electron. Lett. 22 (1987)907.
16th mt. Conf. Phys. Semicond., Montpellier (1982) [24] M.G. Shorthose,AC. Macic J.F. Ryan, M.D. Scott, A.
PhysicaB117&118 (1983) 711. Moseley, J.I. Davies and J.R. Riffat, AppI. Phys.Lett. 51

[2] E.E. Mendez,F. Agulló-Rueda, and J.M. Hong, Phys. (1987)493.
Rev. Leti. 60 (1988) 2426. [25] i.E. Zucker, I. Bar-Joseph,B.I. Miller, U. KorenandD.S.

[3] DAB. Miller, J.S. Weiner and D.S. Chemla, IEEE J. Chemla,Appl. Phys.Lett. 54 (1989) 10.
Quant.Electron QE-22(1986) 1816. [26] T.H. Wood, E.C. Carr, C.A. Burrus, R.S. Tucker, T.-H.

[4] G. Bastard, in: Interfaces,QuantumWells and Super- Chiu andW.T. Tsang,Electron. Leti. 23 (1987) 540.
lattices,eds.CR. Leavensand R. Taylor, (Plenum,New [27] Q. Fu, Z.V. Nurmikko, L.A. Kolodziejski, R.L. Gunshor
York, 1988) p. 227. and J.-W. Wu, Appl. Phys.Lett. 51(1987)578.

[5] D.A.B. Miller, D.S. Chemla, and S. Schmitt-Rink, in: [28] E.J. Austin and M. Jaros, J. Phys. C: Sol. St. Phys. 19
Optical Nonlinearities and Instabilities in Semiconduc- (1986) 533.
tors, ed. H. Haug, (AcademicPress,New York, 1988) p. [29] MN. Islam, R.L. Hillman, D.A.B. Miller, D.S. Chemla,
325. AC. GossardandJ.H.English,appl. Phys.Lett. 50 (1987)

[6] G. Bastard,E.E. Mendez,L.L. Changand L. Esaki, Phys. 1098.
Rev. B28 (1983) 3241. [30] H.Q. Le, ii. Zayhowskiand W.D. Goodhue,AppI. Phys.

[7] DAB. Miller, D.S. Chemla,T.C. Damen,AC. Gossard, Lett. 50 (1987) 1510.
W. Wiegmann,T.H. Wood and C.A. Burrus, Phys. Rev. [31] H.M. James,Phys. Rev. 76 (1949) 1611. For a more
B32 (1985) 1043. explicit formulation of theStark-ladderconceptsee, e.g.,

[8] L. Viña, E.E. Mendez,WI. Wang, L.L. Chang and L. G.H. Wannier, in: Elementsof Solid State Theory (Cam-
Esaki,J. Phys.C: Sol. St. Phys.20 (1987)2803. bridge, Univ. Press,1959)p. 190.

[9] T.H. Wood, CA. Burrus, D.A.B. Miller, D.S. Chemla, [32] J. Zak, Phys.Rev. Leit. 20 (1968)1477.
T.C. Damen, A.C. Gossardand W. Wiegmann, Appl. [33) L. Esaki and R. Tsu, IBM J. Res. Develop. 14 (1970) 61.
Phys.Lett. 44 (1984) 16. [34] P.W.A. Mcllroy, J. Appl. Phys.59 (1986) 3532.

[10] Y. Masumoto, S. Taruchaand H. Okamoto, Phys. Rev. [35] E. Cola, J.V. Joséand G. Monsiváis, Phys. Rev. B35
B33 (1986) 5961. (1987) 8929.

[11] C. Tejedor, J.M. Calleja, L. Brey, L. Viha, E.E. Mendez, [36] J. Bleuse, G. Bastardand P. Voisin, Phys.Rev. Lett. 60
WI. Wang, M. Stainesand M. Cardona,Phys.Rev. B36 (1988) 220.
(1987) 6054. [37] J. Brum andF. Agullo-Rueda,in: Proc. 8th Int. Conf. on

[12] L. Viña, R.T. Collins, E.E. MendezandWI. Wang, Phys. Electron. Prop. Two-Dimensional Systems, Grenoble,
Rev. Lett. 58 (1987) 832. Sept. 1989; Surf. Sci., to be published.

[13] A. Harwit andiS. Harris,Jr.,AppI. Phys.Lett. 50 (1987) [38] F. Agullô-Rueda,E.E. MendezandJ.M. Hong,Phys.Rev.
685. B38 (1988) 12720.

[14] H.-J. Polland, L. Schultheis,J. Kuhl, E.O. Göbel and [39] P. Voisin, J. Bleuse,C. Bouche,S. Gaillard. C. Alibert and
C.W. Tu, Phys.Rev. Lett. 23 (1985) 2610. A. Regreny,Phys.Rev. Lett. 61(1988)1639.

[15] J.A.Kash,E.E. MendezandH. Morkoç, Appl. Phys.Lett. [40] J. Bleuse, P. Voisin, M. Allovon and M. Quillec, AppI.
46 (1985) 173. Phys.Lett. 53 (1988) 2632.

[16] J.A. Brum andG. Bastard,Phys.Rev. B31 (1985)3893. [41] S.L. Feng,J.C. Bourgoinand G.G. Qin. AppI. Phys.Leti.
[17] T.H. Wood, CA. Burrus, DAB. Miller, D.S. Chemla, 54 (1989) 532.

T.C. Damen, A.C. Gossardand W. Wiegmann, IEEE J. [42] P. England, M. Helm,JR. Hayes,J.P. Harbison,E. Colas
Quant. Electron. QE-21 (1985) 117. and L.T. Florez,Appl. Phys.Lett. 54 (1989)647.

[18] D.A.B. Miller, D.S. Chemla,T.C. Damen,AC. Gossard, [43] F. Agullo-Rueda,J. Brum, E.E. Mendezand J.M. Hong,
W. Wiegmann,T.H. Wood and CA. Burrus, Appl. Phys. not published.
Lett. 45 (1984) 13. [44] F. Agullo-Rueda,E.E. MendezandJ.M. Hong, Phys.Rev.

[19] M. Yamanishi and I. Suemune,Jap. J. Appl. Phys. 22 B40 (1989) 1357.
(1983)L22. [45] I. Bar-Joseph,K.W. Goossen,J.M. Kuo. R.F. Kopf,

[20] T. Takeoka,M. Yamanishi,Y. Kan andI. Suemune,Jap. DAB. Miller and D.S. Chemla,AppI. Phys. Lett. 54
J. Appl. Phys.26 (1987)L117. (1989) 340.

[21] M. Yamanishi,Phys.Rev. Lett. 59 (1987)1014.


