
interactionelectronElectron
semiconductorsinphenomenamesoscopicclassicaland

LuryiSerge
YorkNewofUniversityState

11794-2350NYBrook,Stony
(http://www.ee.sunysb.edu/˜serge)

Abstract

phenomenamesoscopicclassicaloninteractionelectron-electronofeffectthediscussI
conductivityphononwell-knownthebymanifestedasdevices,semiconductorin
temperaturethethatrealizationtheisideacentralThejunctions.tunnelinoscillations

unambiguousanddirectacontainsamplitudeoscillationtheofdependence
studied.materialtheinscatteringelectron-electronofratetheaboutinformation

shouldtheorythisonbasedmodelingdeviceanddevelopedbetotheoryQuantitative
parametersextractinginteraction,electron-electronofcharacterizationuniqueaenable

devices.semiconductorimportantofoperationthetorelevant

ininteractionElectron-electronI.
devicesmodern

areinteractions(e-e)Electron-electron
modernallofoperationtheinimportant
primaryTheirdevices.semiconductor

ofequilibrationtheisconsequence
anyfromStartingdistributions.electron
leadcollisionse-edistribution,initial
thewithinequilibriumanto[Ga-87]

abyexpressedgas,electron "displaced"
andfunctiondistributionFermi
theparameters:threebycharacterized

temperatureeffective T e driftthe,
velocity <v> levelFermitheand, E F –

thebyrespectivelydetermined
energy,totalofconservation

Innumber.particleandmomentum,
thewithtravelsthatframereferencethe

velocity <v> likelooksdistributionthis,
function.Fermiequilibriuman

becomesinteractionElectron-electron
mechanismscatteringdominantthe

carriersofconcentrationbulkthewhen
10exceeds 17 cm − 3 analogousThe.

electrontwo-dimensionalafornumber
10aboutbetobelievedisgas 11 cm − 2.

effecttheconcentrations,carrierhighAt
theviaincludedisinteractione-eof

approximation.temperatureelectron
energytheassumingtoamountsThis

displacedaofformtheindistribution
function.Fermi

theofformquasi-equilibriumtheOnce
assumed,isfunctiondistributioncarrier

centraloflongernoisinteractione-ethe
Indeed,devices.conventionalininterest

ratescatteringe-ethe τee littleofis
shortisitaslong(soimportance

theasissuespracticalsuchforenough)
inter-electronsinceetc.,mobility,carrier

significantlycontributenotdocollisions
theinrelaxationmomentumtheto
forcontrast,Ingas.electron

whosedevicessemiconductor
quantumbyreducedisdimensionality

thelevel,nanoscaletheonconfinement
remainsinteractionse-eofeffect

important – dominantsometimes –
ensemble.quasi-equilibriumtheineven

issituationthisofexampleprimaryA
lasers,(QW)wellquantumbyprovided
effectsdephasingpolarizationwhere

angivecollisionscarriertodue
ofwidththetocontributionimportant

areeffectsThesefunction.lineshapethe
effectiveanviaincludedcommonly

thetreatingapproximation,ratedecay
thetoinputanasratedephasing

QWdesigntoHowever,calculations.
ofrangeexpandinganforlasers
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predicttonecessaryisitapplications,
shownAsaccurately.spectragaintheir
decaythe[Ch-98],Chowbyrecently

significanttoleadsapproachrate
laserQWtocomparedasinaccuracies

theviacalculatedspectragain
[Ha-94]equationsBlochsemiconductor

atincludedcorrelationsCoulombicwith
theory.kineticquantumaoflevelthe

effectsSimilar – greaterevenofbut
significance – theinexpectedare
unipolar gainlaserQW(intersubband)

nanoscaleusefulofclassAmedia.
laserscascadequantumassuchdevices,

whereemerged,recentlyhave(QCL),
e-ewithassociatedeffectsdephasingthe

smalllongernoareinteractions
well-understoodatoperturbation

centraltheratherbutbehavior,classical
ofkineticsthecontrollingmechanism

dominantthe functional isItactivity.
ofdephasingthethatunderstoodwell

scatteringbytransitionsintersubband
[Go-96].gainQCLthelimitsseverely

impurityandphonononlyfar,So
consideredbeenhavescattering

atHowever,Ki-97].[Ge-96,rigorously
carrierrelevantexperimentallythe

e-etoduedephasingthedensities
bemustandimportantiscollisions

account.intotaken

e-etorelatedissuesimportantOther
aredevicesnanoscaleininteraction

withassociated departures electrontheof
quasi-equilibriumthefromdistribution

casestudiedwidelymostTheform.
intransporthigh-fieldinarises
toleading[Pi-93],channelstransistor
aseffectsimportanttechnologicallysuch

e-eofinfluenceTheovershoot.velocity
whiletransport,high-fieldoninteraction

identifytodifficultisimportant,
simpleBeyondexperimentally.
aboutinsighttheofmostestimates,

throughgainedbeenhasprocessesthese
[Ja-98].simulationsCarloMonte

non-aofcaseimportantAnother
ballisticinarisesdepartureequilibrium

theHere,[Lu-98].structuresinjection
theinisinteresttechnologicalmain

minorityofpathfreemeanballistic

heterojunctionofbasetheincarriers
HBTBallistic(HBT).transistorsbipolar

reachtotransistorfirstthebeenhas
suchIn[Ch-89].speedssubpicosecond
highatlaunchedarecarriersdevice,a
coneangularsmallaintoenergies

base-emitterthetoperpendicular
velocitythethatfactThejunction.

theinpeakedsharplyisdistribution
basethetoperpendiculardirection

thedownscalingforbeneficialislayer,
anopensThis[Ja-89].areadevice

aimplementingofpossibilityintriguing
carriersminorityballisticwithHBT

monoenergeticandcollimatedaforming
beenhasregimeaSuchbeam.

peculiarexhibitto[Gr-93]predicted
"coherent" inmanifestedeffects,

common-emittertheinresonances
exceedingfarfrequenciesatgaincurrent
frequencycutofftransit-timeusualthe

f T limitedisfrequencyextendedThe.
minority-carriertheindispersiontheby

ratherbase,theacrossflightoftimes
reaches,anditselfflightoftimethethan

range.terahertztheintoprinciple,in

ensemblesmesoscopicClassicalII.

non-theexamples,abovetheIn
aredistributionsequilibrium

"microscopic" theythatsensethein
aftertimeshortveryaonlyoverpersist

relaxationenergy(theperturbationa
time τε <∼ oreffectsovershootforps1

timerelaxationmomentumshortereven
τm transport).ballisticfor

electronnon-equilibriumUseful
formmaysemiconductorsinensembles

electronofresultaasonlynot
orfieldselectrichighbyacceleration
toduealsobutinjection,barrier
In[Ga-87].interactionselectron-phonon

alsocaninteractionssuchprinciple,
ifdistribution,themaxwellize

exchangeeventsscatteringindependent
electrons.withenergiesrandom

acousticbyscatteringwhileHowever,
opticalproperty,thishasphonons

lattertheIfnot.doesscatteringphonon
theinteraction,inelasticonlythewere

electrontheofshapeequilibrium
bewouldfunctiondistribution
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andconditionsinitialtheondependent
propertiesthermodynamicbewouldso

Theensemble.electrontheof
fromstemsphononsopticofpeculiarity

nature,monochromaticlargelytheir
inexchangeenergythequantizeswhich

ofunits h_ωop.

ortemperatureshighsufficientlyAt
electrontheenergies,electronhigh

opticaltodueraterelaxationenergy
(1/phonons τ(op) duethatthanhigheris)

(1/phononsacousticto τ(ac) severalby)
inTypically,magnitude.oforders

semiconductors τ(op) <∼ 10 − 12 ands
τ(ac) >∼ 10 − 9 ofdisparityThis[Co-67].s

thetoleadstimesrelaxationinelasticthe
thatensembleelectronicanofformation

phonons,opticalwithequilibriuminis
phonons.acousticwithyetnotbut

suchofpropertiestheofManifestation
referredconvenientlybecanensembles

effects’’mesoscopic‘‘classicaltheasto –
distinctionaandtoparalleladrawing

effectsmesoscopicquantumthefrom
oflengthcoherencethewhenoccurthat

exceedsfunctionwaveelectronican
dimensions.systemcharacteristic

electronsofpropertiesThermodynamic
veryarestatemesoscopicthein

equilibrium,trueinthosefromdifferent
energyaveragethee.g., <E> ≠ 3/2 kT

thefromdeviatesheatspecifictheand
valueclassical 3/2 k theAlso[Gr-90a].

statemesoscopictheinmobilityelectron
timeTheovershoot.strongashows
fromdifferentveryiseffectthisofscale

theovershoot;velocityconventionalthe
lessinestablishedisstatemesoscopic

timelongaforpersistsandps1than
nanoseconds!)to(up – bydestroyed

scattering.e-e!)(andphononacoustic
classicaltheofstudySystematic

outcarriedbeenhaskineticsmesoscopic
combinationaby[Gr-91a]Grinbergby
techniques.CarloMonteandanalyticof

regimemesoscopicclassicalThe
timetheinonlynotitselfmanifests

spatiallyinalsobutdomain,
conservationThesystems.nonuniform

byexpressedispropertiesmesoscopicof
thatequation,continuityappropriatean

thecalledfieldvectorainvolves
[Gr-91b].currentdifferentialreduced

explaininginfruitfulprovenhasThis
inoscillationsphononthe[Gr-90b]
ofcharacteristicscurrent-voltage

[Ea-diodestunnelingheterostructure
ofoscillationsenergytheaswellas85a]
inproducedfunctiondistributionthe

triangularovertransportthermionic
[Ve-Venturibydiscoveredasbarriers,

Inexperiments.CarloMontein91]
experimentaltheinstancestheseofboth

setweremodel)theoretical(orsituation
wasinteractione-ethethatsoup
theofvalueslowtoduenegligible

concentration.carrier

carrierininteractione-eofroleThe
instudiedbeenhasthermalization

opticalwithconnectionindetailgreatest
whichinexperimentsspectroscopy

isplasmaelectron-holephotoexcited
andpump-probeviainvestigated

techniques,spectroscopicluminescence
theonstudiesresolvedtimeincluding

reviewearlyan(cf.scalefemtosecond
aand[Es-87]LevinsonandEsipovby

A[Sh-98].Shahbyreviewrecentvery
relevantthetolistreferencepartial

[Kn-experimentalfollows:publications
Sn-Bi-91,El-91,Ka-89,Be-88,Kn-88,86,
[Es-theoreticalandKa-93]Sn-92b,92a,

ES-93,ES-92,Ku-91,Os-87,DS-88,84,
Sm-Ha-96,Hu-96,ES-94,Sn-94,Sn-93,

Le-97].Se-97,96,

ofinvestigationstheoreticalPrevious
onfocusedhaddistributionsmesoscopic

theConsequently,manifestations.their
aasviewedwasinteractione-e "spoiler"

andunderstoodwasitstudies:thesein
theinstructurescutethethatdeplored

resultanttheandfunctiondistribution
outwashedbewouldeffectsmesoscopic

unremarkablesomeinscatteringe-eby
theofstudiesCarloMonteway.

formationtheofkineticscomparative
statemesoscopicaofdestructionand

nopracticallythatshowed[Gr-91a]
bulkainobservedbecouldeffects

carrierforalreadysemiconductor
10aslowasconcentrations 16 cm − 3.

soberingaasviewedbeenhasThis
contemplatedmostsinceconclusion,
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mesoscopictheofapplications
carrierhigherrequirewoulddistribution

suchofBecauseconcentration.
ininterestedresearchersconsiderations,

classicalofapplicationspractical
toturnedhaveeffectsmesoscopic

dimensionality,reducedofsystems
e-etheofeffectsdetrimentalthewhere

somewhatbewouldinteraction
bulkthetocomparedsuppressed

ST-98].Ry-98,Ci-98,[Le-92,situation

unnoticedleftbeenhasitRemarkably,
theofoutwashingverythethat
asusedbemayphenomenamesoscopic

e-ethestudytohandleeffectivean
itself.interaction factthispreciselyisIt

discussionpresenttheanimatesthat isIt.
e-ebydestructionthethatbelowargued

mesoscopicclassicalofinteraction
easilymadebecanphenomena

practicallymoreover,and,observable
effects.otherbyunobscured

asuchthatargueIAdditionally,
beenfactinhaddestructionquantifiable

not(butclearlyveryobserved
in1991inalreadysuch!)asrecognized

phononofstudyexperimentalan
tunnelinoscillationsconductivity
studythatIn[Al-91].junctions

exponentialanreportedAlikacem
phononofamplitudetheofsuppression

temperature,increasingwithoscillations
thisinterpretedincorrectlybut

toitrelatenotdidandobservation
interactions.electron-electron

interpretation,propertheWith
tofeasiblebeshoulditbelow,described

theoftheoryquantitativeadevelop
whichoscillations,conductivityphonon

rigorousapermitturninwill
electrontheofstudyexperimental

semiconductors,ininteractionelectron
reduced-inandbulktheinboth

systems.dimensionality

PhonontheofReviewBriefIII.
PuzzleaExperiment:Oscillation

ofcharacteristicsCurrent-voltage
anshowheterostructuressingle-barrier

voltageappliedinstructureoscillatory
period.definedwellawith

V

h/ ωop

h/ ωop

QN region

L

1Fig. conductivityPhonon-induced:
energy-Schematicexperiment.oscillation

bias.undersampleawithdiagramband
individualanofenergytheindicateArrows

phonons.opticalemitsitaselectron
region(QN)quasi-neutraltheofImpedance

carriershotinjectedofmotiontheto
theondepends "phase" φ thewhichwith

currentinjectedofdistributionenergyentire
,0(rangetheintofolds h_ωop voltageThe).

currenthot-carrierthewithassociateddrop,
quasi-periodicaisregionQNthethrough

voltageappliedtheoffunction V.

periodcharacteristicThe ∆V theseof
LOthetocorrespondsoscillations

energyphonon h_ωop , e ∆V = h_ωop This.
bydiscoveredoriginallywaseffect

thenandInSbin[Ka-67]Katayama
[Hi-HickmottbyGaAsinrediscovered

(temperatureslowat84] T <∼ andK)4
(fieldsmagnetichigh B >∼ SoonT).4

theobserved[Ea-85a]Eavesthatafter
atdevicessimilarinstructureoscillatory

B = Energytemperatures.higherand0
experimentaltypicalaofdiagramband

n + GaAs/(AlGa)As/n − GaAs/n + GaAs
1.Fig.inillustratedissample

phonon-ofmechanismpreciseThe
subjectthebeenhasoscillationsinduced

ofnumberAcontroversy.someof
proposedbeenhadmodelsuntenable

effectsobscureonrelyingsomeinitially,
models,(suchfieldmagneticthetodue

waseffecttheoncewayfadedcourse,of
othersfield),aofabsencetheinfound

ofpictureunphysicalanpostulating
ofregionfieldtheinfreeze-outcarrier

generallyisittime,thisAtdiode.the
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atodueareoscillationsthethatagreed
impedancetheofmodulationperiodic

QN)(quasi-neutral,undepletedtheof
layerGaAslightly-dopedtheofsection

collectorthetoadjacentimmediately
thishowpreciselyHowever,contact.

remainedhasoccursmodulation
acceptedgenerallyisItcontroversial.

havingregionQNtheentercarriersthat
theyphononsopticaltheallemitted

thesinceandthisofBecauseemit.could
nothatshortsufficientlyisflightoftime
isitoccur,processesinelasticother

regionQNtheinthatunderstood
energykineticahaveelectrons
,0(intervalthewithindistributed h_ωop )

edge.bandconductionthefrom

tunnelingtheofdistributiontheIf
the(onenergyinnarrowwerecarriers

ofscale h_ωop visualizethencouldone),
theinreplicateddistributionnarrowthis
thethatwayasuchinregionQN

varywouldpeaknarrowtheofposition
,0(rangethewithinperiodically h_ωop )

theinedgebandconductionthefrom
picture,asuchonBasedregion.QN

inmodelaproposed[Ea-85b]Eaves
QNtheenteringelectronshotwhich

byconductivityitsmodulateregion
centers.donortheionizingimpact

co-aassumes[Ea-85b]modeltheThus,
twoofregionQNtheinexistence

enteringelectronshotcarriers:ofgroups
secondaryandlayerdepletionthefrom
ionizationimpactbyproducedelectrons

Thelayer.QNtheindonorsshallowof
quasi-aformelectronssecondary

conductiontheinensembleequilibrium
associatedtheregion;QNtheofband

assumedisregionQNtheofimpedance
theandbarrierthewithseriesinbeto

Thediode.theofregionsfield
ionizationimpactofeffectiveness

theofpositiontheondependsprocess
ispeaktheIfpeak.distributionenergy

thenthreshold,ionizationdonorbelow
suppressed.isionizationimpact
periodicallyispeaktheofPosition

toappliedisvoltagetheasmodulated
thetoaccordingwherein,device,the

currenttheoforigintheliesmodel,
oscillations.

bymodeltheoffeatureessentialAn
bymodelsimilara(and[Ea-85b]Eaves

phonon-thethatis[Le-88])Leburton
areoscillationsconductivityinduced
QNtheofmediumthetoattributed

interactionanbymodulatedasregion,
injectedthewith "hot" carriers.

thedoubtingforreasonsgoodareThere
theFirstly,models.theseofvalidity

asuchintracecurrent-voltageactual
voltagetheondependwouldmodel

bandofrecapturethesincerate,sweep
impurityionizedrarethebyelectrons

slowaistemperatureslowatcenters
energytheSecondly,process.

byinjectedelectronsofdistribution
dopeddegeneratelyafromtunneling

scaletheonnarrowallatnotisemitter
of h

_ωop importantly,mostandFinally,.
thethatbelievetoreasonnoisthere

inensemblecarrierquasi-equilibrium
connectedislayerQNthe " seriesin "

flowcurrentdiodethewith – aslongso
nothavecarriershotinjectedthe

equilibrated.

andGrinbergbyproposedmodelThe
theexplainsalso[Gr-90b]Luryi
thebyoscillationsconductivity
theofimpedancevaryingperiodically

involvedimpedancethebutregion,QN
impedancequasi-equilibriumthenotis

relevanttheInstead,itself.regiontheof
withassociatedisimpedancedynamic

carriershotinjectedofmotionthe
region.QNthethrough 1 goodaTo

isimpedancethisapproximation
independent quasi-equilibriumtheof

region.QNtheinconcentrationcarrier

________________

minoritytheofreminiscentissituationThe1.
bipolaraofbasethethroughpassagecarrier

dropvoltageawithassociatedisittransistor:
carrierminoritytheondependswhich

mobilitytheindependnotdoesbutmobility
majority-carriertheofconductivityor

injectedoflevelquasi-FermiTheensemble.
isandbasetheacrossvariescarriersminority

theofimpedanceentiretheforresponsible
whilecircuit,emitter-to-collectortheinbase

equilibrium.atremaincarriersmajoritythe
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themodelGrinberg-LuryitheIn
energythetoduearisesmodulation

ratescatteringelastictheofdependence
regionQNtheinmovingcarriershotof

distributionenergyanwith – aiswhich
voltage.appliedtheoffunctionperiodic
peakednarrowlyanotismattersWhat

thatenergiescarrierofdistribution
impuritythepastslidesperiodically

energybroadentiretheratherbutlevel,
whichdensity,currentofdistribution
bandconductionthetorelativevaries

fashion.periodicainedge 2 This
ofmodulationperiodicaintotranslates

mobilitythe µ region,QNthein
theofdependenceenergytheofbecause
thegovernthatratesscatteringelastic

inoscillationThemobility. µ acauses
voltagetheinvariationquasi-periodic

layer;QNtheindrop 3 itsdespite
otheraffectsvariationthissmallness,

ainresultingdiode,theofregions
current.tunneltheofmodulation 4

model[Gr-90b]theIn theofposition
immaterial.isleveldonor wasmodelThe

ofexperimentthebychallengedhence
anidentifiedhadwho[Al-91],Alikacem

thetorelatedfeatureexperimental
thatInlevel.energyimpurity

phononofamplitudetheexperiment,
dependtofoundwasoscillations
inversetheonexponentially

________________

densitycurrentthenotisitspeaking,Strictly2.
so-calledthebut currentdifferentialreduced

periodicallytheexhibitswhich(RDC)
isRDCThedistribution.energyreproduced

theofsumtheasGr-91b][Gr-90b,defined
dcurrentsdifferential J (E) / dE aover,

energiesofsetdiscrete E anbydiffering
energies.phononopticalofnumberintegral

anyinconservedrigorouslyisRDCThe
LO-phonontakesthatmodelscattering

interaction.inelasticonlythebetoscattering
3. "Quasi" lengththebecause L QNtheof

increasingwithdecreasesslowlyregion V –
amplitudetheofdecreaseslowainresulting

oscillations.impedancetheof
explainsnaturallypicturethisIncidentally,4.

iseffectthewhy "strengthened" aby
itdirection:currentthealongfieldmagnetic
incarriershotofmobilitythelowerssimply

region.QNthe

temperature – characteristicthewith
impuritythetorelatedenergyactivation

carriedwas[Al-91]Experimentenergy.
andelectronsthanratherholeswithout

energyactivationthe E a ∼∼ onmeV13
oscillationtheofplotArrheniusthe

halftoclosebetooutturnedamplitude
GaAs.inenergybindingacceptorBethe

theofunderstandingourlefthasThis
onetheOnstate.puzzlingaineffect
thethatevidenceclearaistherehand,
onrelevant;isenergybindingimpurity
ismodelionizationimpacttheother,the

Recently,unsatisfactory.theoretically
adealtwasmodelionizationimpactthe

theofexperimentsbyblowfinal
observedwho[Gr-98]groupPrinceton

intotunnelingwhenoscillationsphonon
electrontwo-dimensionalaofedgethe

system – nowithsampleaini.e.,
impurities!dopant

electron-puzzle:theofResolutionIV.
scatteringelectron

conductanceofamplitudelargestThe
issamplegivenainoscillations

thicknesslayerQNthewhenobtained L
thebelowisitprovidedhighest,is

lengthcoherencemesoscopic λ.
lengththeifConversely, λ forshrinks

oscillationthereason,whatever
whendecreasewillamplitude λ

thanshorterbecomes L theIn.
the[Al-91]experimentAlikacem
theincreasestemperatureincreasing

equilibrium "cold" concentrationcarrier
e-eenhancedtheandlayerQNthein

mesoscopictheshortensscattering
thesuppressingthuslength,coherence

amplitude.oscillation

cryogenictheinknown,wellisAs
uncompensatedanofregime

(semiconductor N A << N D aisthere)
concentrationbandthewhererange n of

offunctionexponentialaniselectrons
anwithtemperatureinversethe

thehalfisthatenergyactivation
level,bindingimpurity E a = 1/2 E D viz.,

n = 
 1/2 N D N C




1/2
e 2

1__ β E D
. (1)
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lowtoonotatoccursrangeThis
whentemperatures N A << n << N D at;

Alikacembyreportedtemperaturesall
carrierbandequilibriumthe[Al-91]
regionQNtheinconcentration

(1).lawthetoconforms

arethereflowing,iscurrenttheWhen
layer:QNtheinelectronsofkindstwo

(i) "hot" energywhoseflux,incarriers
thebydeterminedbeenhasdistribution

andinjectiontunnelofprocesses
mobilitywhoseandemissionphonon

thiswhichwithphasetheondepends
lowesttheunderlandedhasdistribution
ladderphononopticaltheofrung

(and1)(Fig. ii) "cold" whosecarriers
equilibriumthebygovernedisdensity

carriershotofScattering(2).statistics
(i (carrierscoldby) ii thedestroys)

hot-carriertheinordermesoscopic
increases,temperaturetheAsensemble.

variesconcentrationcarriercoldthe
valueslowfrom – ofratethewhichat

negligibleisinteractionee – higherto
values – enoughfastisratethatwhere

overstructuremesoscopicthedestroyto
lengtha λ thethanshorteriswhich

thickness L firstInregion.QNtheof
mesoscopictheapproximation,

lengthcoherence λ toinverselyvaries
(scatterersofconcentrationthe ii).5

mechanismtheliesessentially,Herein,
observeddependencetemperaturetheof

(1991).Alikacemby

canwepicture,thisofbasistheOn
carrierlowveryatthatexpect

temperatureslowat(e.g.,concentrations
theexperiment)[Al-91]thein

lengthcoherencemesoscopic λ longeris
lengthentirethethan L QNtheof

beshouldtheretherefore,and,region

________________

thismaketodifficultisittime,thisAt5.
indiscussedasquantitatively,morestatement

concentrationTheSection.nextthe
nothasraterelaxationtheofdependence
andsystemslow-densityforsettledbeen

distributions.non-equilibriumhighly
offers,oscillationsphononofInvestigation

ofanalysisthefortooluniqueapotentially,
issue.scientificimportantverythis

andconcentrationtheondependenceno
dependenceThistemperature. "turns

on" as λ thanshorterbecomes L This.
byobservationsthewithagreetoseems

[Al-91].Alikacem

iscarrierscoldofconcentrationtheIf
means,thermalthanotherbyincreased

againshouldweillumination,bye.g.,
phononofsuppressiontheexpect

predictionThisamplitude.oscillation
who[Gr-98]Graysonbyverifiedwas
edgewithtunneling2Dto3Demployed

thevariedandbarrierstunnel "cold"
sample2Dtheinconcentrationcarrier

offersgeometry2DTheeffect.fieldby
thestudyingofpossibilityuniquea

awitheffect distributioninitialcontrolled
carriers.of

totoolaasoscillationsPhononV.
interactionsinter-electronstudy

containoscillationsconductivityPhonon
e-eaboutinformationofwealtha

thisextracttoorderIninteractions.
ofrangebroadafrominformation
ofvarietyaunderexperiments

willthattheoryaneedsoneconditions,
experiments.thesemodelandsupport

requirestheoryasuchofDevelopment
theForstudy.oflinestwoessentially
bewilltheseofonebrevity,ofsake

thephenomenological,astoreferred
fundamental.asother Phenomenological

smallaonbasedbecouldtreatment
thedescribingparametersofnumber

classicaltheofrelaxationofrate
energyelectroninstructuremesoscopic

distribution – theintoinquiringwithout
Arelaxation.thisofmechanismprecise

anassumewilltheorysuchsimplest
mesoscopictheofdecayexponential

singleabycharacterizedorder,
lengthcoherence λ timesinglea(or

constant τ For). λ >> L parameterthis
oramplitudetheoneffectlittlehas

oscillationsconductivitytheofshape
should[Gr-90b]theorysimpletheand

forhand,othertheOnapplicable.be
λ < L bewillamplitudeoscillationthe

impedanceoscillatorybygoverned
segmentinitialthewithindeveloped λ
remainingthewithregion,QNtheof
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part L λ− seriesaonlycontributing
resistance.

considerationsphenomenologicalThese
[Gr-theoryearliertheextendtoallow

fashion.straightforwardain90b]
withcomparisonsQuantitative

accuraterequirehowever,experiment,
inespeciallymodeling,transport
in(astransport2Dtoapplications

[Gr-98]).experimentsPrinceton
appropriatetheofDevelopment

anbyguidedbecanmodeltransport
space-charge-limitedofmodelanalytic
[Gr-89].filmsthinincurrent

onehand,inmodeltransporttheWith
empiricalthederivetoablebeshould

dependence λ (n electron-thefor)
ofDeterminationinteraction.electron

ownitsinimportantisdependencethis
analysistheforusedbecanitasright,

inarisingsituationsmanyof
sametheAtdevices.semiconductor

candependenceempiricalthistime,
theingroundtestingaasserve

aofdevelopment "fundamental" theory.

Fundamental firstarequiresapproach
ofkineticstheofcalculationprinciples

Tworelaxation.ordermesoscopicthe
beenhavefactorscontributing
withinteractionpreviously:considered
thatfacttheandphononsacoustic

exactlynotarephononsoptical
spatialThe[Gr-91b].monochromatic

mesoscopicindegradationtheofscale
scatteringphononacoustictodueorder

theGaAs;inmm1ofordertheofis
wasdispersionphononopticalofeffect

unusuallyforonlyimportanttofound
atpeakeddistributionselectronnarrow

safelycanweThus,energy.higha
degradationphononthatconclude

submicrontheonnegligibleareeffects
whyreasonkeytheisThisscale.length

provideexperimentsoscillationphonon
ofkineticstheonhandleuniquea

interaction.interelectronic

e-eofeffecttheapproximation,firstIn
weifinclude,toeasyisscattering
offunctiondistributionthethatassume

(groupofelectrons i theunderevolves)
(groupofelectronswithinteraction ii) –

equilibriuminassumedbeinglatterthe
mesoscopicofrateThelattice.thewith

wouldmodelthisindegradationorder
raterelaxationenergythetosimilarbe

interactingensembleelectronhottheof
thisInensemble.electroncoldthewith

relativelyappearsproblemthecase,
solutionformclosedaandsimple

Surprisingly,available.beshould
settledbeennothasissuethehowever,

limit.thisinevenliteraturethein

residetoseemsproblemunresovedThe
Coulombofaccountcorrectthewith

isAsconcentrations.lowatscreening
accountingwithout[La-37],knownwell

scatteringCoulombthescreeningfor
oftreatmentsmostIndiverge.integrals

eithersemiconductors,ininteractione-e
Sm-96][Es-87,modelscreeningstaticthe

theinmodeldynamicaorusedwas
Hu-Sn-94,[ES-92,RPAofframework

inexpressionsRPAofuseThe96].
isconcentrationequilibriumthewhich

non-equilibriumabyreplaced
questionablecertainlyisconcentration

non-inscreeningtoappliedwhen
hand,othertheOnsystems.equilibrium

theory,screeningnon-equilibriumthe
developmentintenseunderrecently

ratherremainsSe-97],ES-94,[Ku-91,
fore.g.analysis,qualitativeforopaque
ofdependencesconcentrationextracting

Nonetheless,characteristics.relaxation
thediscussedrecently[Ha-96]Harrison

transparentphysicallyaoffeasibility
explicitlywouldthattheoryanalytic

energytheofdependencetheshow
andparameterssystemtheonrelaxation

dynamicalincludetimesametheat
fashion.reasonableainscreening

thethatSn-94][ES-92,shownbeenhasIt
highlyofratesrelaxationcalculated

stronglydistributionnon-equilibrium
modelscreeningtheondepend
issuestheseUnfortunately,employed.

low-fordetailinstudiedbeennothave
questionsmanyandsystemsdensity

experimentallytheThus,remain.
energytheofsaturationobserved

lowveryatGaAsinraterelaxation
(<∼ 1013 cm − 3 [Sn-92a,concentrations)

unexplained.remainsSn-93]Sn-92b,
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betweendiscrepanciesareThere
ofdependencesconcentrationreported

theinraterelaxationenergythe
10rangeintermediate 13 − 1017 cm − 3,

bothofreportsfindsonewhere τ−1 ∝ n
andHa-96][Es-87, τ−1 ∝ n 1/2 [Sn-94,

concentrationSublinearKa-93].
tocloseexponentanwithdependence

10rangethein0.5 15 − 1016 cm − 3 was
Moreover,[Se-97].inreportedalso

non-aofevolutionofstagesdifferent
bemaysystemelectronicequilibrium

relaxationdifferentbycharacterized
Le-97].[Sn-93,rates 6

e-eofinvestigationsExperimental
photoexcitationbyinteractions

aresemiconductorsinspectroscopy
co-thebycomplicatedessentially

Phononsubsystem.holeaofexistence
represent,oscillationsconductivity

analysisthefortooluniqueatherefore
Toissue.scientificimportantveryaof

arequirestoolthisofadvantagetake
anrepresentswhichefforttheoretical

rewardingpotentiallyandinteresting
ofmodelingphysics-basedinproblem

transport.electronic
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