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?deviceelectronhotaisWhat17.1

modernallofunderstandingtheforimportantbecomehavephenomenaHot-electron

somehowbemustthatnuisanceaarephenomenathesecasesmanyIndevices.semiconductor

siliconindielectricgatetheintoinjectioncarrierhottheisexampleforlikecauterized,

transistorofdegradationatorisegivesphenomenonunwelcomeThistransistors.field-effect

ineffecthot-electronwell-knownAnotherfailure.circuittoleadmayandcharacteristics

electrichighinvelocitydriftofsaturationtheisconsequences)benignmore(withdevices

ofsometimesisanddevicessemiconductormoderninubiquitousissaturationVelocityfields.

transit-timeallofoperationtheforessentialisitThus,operation.theirforimportancecentral

1990).(Sze,oscillatorsdiode

1963;(Gunn,effectGunnthewithbeganphenomenahot-electronofutilizationCommercial

differentialnegativeaformechanismtransferintervalleytheonbased1964),Kroemer,

isdiodeGunnThe(1962).Hilsumand(1961)WatkinsandRidleybyproposedresistance,

developed,hastechnologymatureawhichfordevice,hot-electronbest-knowntheundoubtedly

applicationsuccessfulAnother1990).(1987,Shurand(1975)EngelmannandBosche.g.,see,

floating-gateThedevices.memorynonvolatileinmadebeenhaseffecthot-carrieraof

bears(1971)Frohman-BentchkowskybyinventedFAMOSdevicememoryinjectionavalanche

FAMOSThebelow.discusseddevicesreal-space-transfertheofsometosimilarityconceptual

ofprocesstheInelectrode.gatefloatingawithstructureMOSFETp-channelarepresents

junctiondrainthenearavalanchefield,drainthebyheatedcarriers,memory,the‘‘writing’’

isgatetheAsgate.floatingtheintoinjectedplasmaavalanchethefromelectronshotwith

inpapersPioneeringincreases.conductancep-channeltheandloweredispotentialitscharged,

(1991).HubycollectedbeenhavetechnologyFAMOSofdevelopmentthe
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verywhosedevicessemiconductorofclassnarrowspecialawithconcernedischapterThis

matureimportantthereviewtoattemptnotshallWeeffects.hot-electrononbasedisprinciple

devicesexoticratherdiscussshallweInstead,above.mentionedtechnologieshot-electron

researchrecenttheofMostapplications.electronicpracticalinusedbeenhavewhichofnone

proposalsquestion,ineffectanofexistencethedemonstratingonconcentratedhasareathisin

beshouldItlimitations.physicalpotentialtheirofstudiesandeffects,andstructuresnewof

device,awithupcometoisworkoftypethisofpurposemainthethatcourse,ofremembered,

theseofviabilitytheoncommentwillreviewOurapplication.practicalafindwillwhich

theirtohurdleskeytheidentifytoattemptaswellasshortcomings,andpromisetheirideas,

implementation.practical

ensembleselectronNonequilibrium17.2

isItcarriers.high-energyofensemblenon-equilibriumapurportselectrons’’‘‘hottermThe

field)electricanapplyingorlightshiningby(e.g.,energyexternalpumptopossibleoften

theexceedssystemelectronictheintoinputpowertheIfcarriers.ofsystemtheintodirectly

velocitytheirandup’’‘‘heatcarriersthethenlattice,thetosystemthatbylossenergyofrate

distribution f (v) form.Maxwellianequilibriumthefromsignificantlydeviates 1 thegeneral,In

functiondistributiontime-dependent f (t , r , v) Boltzmannthesolvingbydeterminedbecan

equation,transport

∂t
∂f___ + v .

∂r
∂f___ + a .

∂v
∂f___ =



 ∂t

∂f___


 coll

, (1)

where a functionallinearaissideright-handtheinintegralcollisiontheandaccelerationtheis

on f state,steadyaIn. f (r , v) abestillmayitbuttimeondependexplicitlynotdoes

position.spatialtheoffunction

________________

alsocanonethatNote1. cool ratefastaatfieldexternalanagainstworkdoitmakingbysystemcarrierthe
lattice.thebyreplenishedpowertocompared
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involvingmodelsscatteringsimplesttheforeventaskcomplicatedais(1)Eq.ofSolution

isItimpurities.andphononswithaswellasthemselvesamongelectronsofscattering

thermaltheandsystemelectronicthebetweeninteractionofmodelreasonableafromexpected

willcollisionsthatbath restore functiondistributionequilibriumthe f eq (r , v) initialanyfrom

distribution – knowweSincemathematically.provetodifficultoftenispropertythisalthough

thermalabyelectronsofscatteringbydestroyedbecannotequilibriumthermodynamicthat

ifvanishmustintegralcollisionthebath, f eq (r , v) forsubstitutedis f arepropertiesThese.

byintegralcollisiontheapproximateswhichmodeltheinexpressedmanifestly



 ∂t

∂f___


 coll

=
τ (v)

f (t , v) − f eq (v)_______________ , (2)

timecharacteristicThedependence.positionpossibletheomittedhavewebrevityforwhere

constant τ (v) timerelaxationthecalledis(2)modelwholetheandtimerelaxationthecalledis

torelaxexponentiallywilldistributionperturbedtheapproximationthisInapproximation.

removed.isinfluenceperturbingthewhenequilibrium

differentbecausepractice,incrudetoois(2)approximationtimerelaxationThe

arecollisionswhenThusrates.differentwithrelaxdistributiontheofcharacteristics

momentfirstthethatnaturalisitelastic,predominantly <v> of f (v) thewhilerapidlyrelaxes

momentsecond <v2> electronthecharacterizesmomentfirstTherelax.totimelongatakes

constant,timecorrespondingtheandmomentum)crystalaverage(orvelocitydrift τm calledis,

timelongerthewhiletime,relaxationmomentumthe τε Ittime.relaxationenergythecalledis

distributionmodelabyensembleelectronthecharacterizetoapproximationgoodaoftenis

appropriateanofchoiceThekinetics.relaxationrelevanttheembodieswhichfunction,

timeondependalsomayfunctiondistribution t scalethe(onvaryrapidlyfieldselectrictheif

of τε or τm modelaofchoicetheSimilarly,). f (v) positiontheondependmay r device.thein

devices.inoccurringcommonlymodels,hot-electronConsider
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Quasi-thermal.17.2.1 temperatureeffectiveAn T e electronicaninestablishedalwaysis

interaction(ee)electron-electronthewhenconcentration,highsufficientlyofensemble

eedistribution,initialanyfromStartingscattering.impurityandphononbothoverdominates

ofvelocitycenter-of-masstheSincegas.electronthewithinequilibriumantoleadcollisions

velocitydriftthechange,notdoeselectronscolliding <v> aremainsgaselectrontheof

motion.theofconstant 2 formtheofthenisfunctiondistributionThe

f (v) = 
 1 + ([exp m v2⁄2 − m <v> . v − E F )⁄kT e ]




− 1
, (3)

temperatureeffectivethebycharacterizedisItdistribution.Fermidisplacedthecalled T e the,

velocitydrift <v> levelFermitheand, E F ofconservationthebyrespectivelydetermined,

thewithtravelsthatframereferencetheInparticles.ofnumbertheandmomentum,energy,

velocity <v> non-degenerateaForfunction.Fermiordinaryanlikelooks(3)distributionthe,

distribution,Maxwelliandisplacedaofformthetoreduces(3)Eq.gas,

f (v) = e
−

kT
e

m v2⁄2 − m <v> . v________________

. (3’)

limitnondegeneratetheIn T e >> E F temperatureeffectivethe, T e averagethetorelatedis

energyelectron <E > formula,well-knowntheby

<E > =
2
3__ kT e +

2
1__ m <v>2 . (4)

limit,oppositetheIn E F >> kT e ondependnotdoesenergyaveragethe, T e determinedisand

densitycarrierthebyonly n :

<E > =
5
3__ E F +

2
1__ m <v>2 where, E F = (3π2) 2⁄3

2m
h_2

____ n 2⁄3 . (5)

ofexpressiontherange,intermediatetheIn <E > parametersoftermsin T e and E F becan

1980).Lifshitz,andLandaue.g.,(see,quadratureaofformtheinwritten

________________

relaxationmomentumincluded,isUmklappWheninsignificant.areprocessesUmklappaslongsotrue,isThis2.
interaction.eepuretheunderevenoccurs
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eeonlycontainsthatintegralcollisionthevanishmakewill(3)formtheoffunctionAny

onlyvanishwillintegralcollisiontheincluded,isimpuritieswithinteractionIfinteraction.

provided <v> = 0 ifonlyvanishwillintegralcollisionthephonons,withinteractionIncluding.

T e temperaturelatticethewithcoincides T .

electricanbygaselectrontheintopumpedcontinuouslyisenergywhensituationtheIn

slowhoweverscattering,offormsotherignorecannotoneradiation,electromagneticorfield

achecktonothingbewouldthereotherwiseIndeed,interaction.eetocomparedbemaythey

so-theusetoisapproachcorrectThevelocity.driftand/orenergyaveragetheofrunaway

called adiabatic (3)formtheinassumedisfunctiondistributionthewhichinapproximation

asinput,externaltheinvariationsthefollowtoassumedparameterseffectivethewith

momentum,andenergyforequationsbalancethebygoverned

dt
d<E >______ = < P > −

τε

<E >_____ , (6a)

dt
d<v>_____ = <a> −

τm

<v>____ , (6b)

where < P > and < a> theForacceleration.andinputpoweraveragetherespectively,are,

forceaundermoving(3)ensembleelectronic F approximatelyhasone, <a> = F⁄m and

< P > = F . <v> Parameters. τε and τm fromself-consistentlydeterminedareequationsthesein

equationBoltzmannthe – theprocessesslowforintegralcollisiontheintosubstitutingby

(3)formtheinfunctiondistribution – interaction.eerapidthebymaintainedassumediswhich

parametersapproximationadiabatictheinThus, τε and τm (6)equationsbalancetheof

temperatureeffectivetheoffunctionsbecomethemselves T e timerelaxationmomentumThe.

time,relaxationenergythethanshortermuchusuallyis τm << τε arecollisionselasticIndeed,.

severalrequiresrelaxationenergyeffectiveanwhereasrelaxation,momentumfordominant

relaxation,momentumtheofscaletimetheonTherefore,phonons.withinteractionsinelastic

whileandquasi-staticconsideredbecanenergyelectronaveragethe τm τ= m (T e) balancethein

temperatureeffectivethe(6b),equation T e awithrising‘‘slowly’’time,offunctionaisitself

timecharacteristic τε (timesshortatThus,. t < τE electricstrongaofimpositiontheafter)
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substantiallycanvelocitytheandmobilitylow-fieldawithoccursdriftcarrierthefield,

quitebecomehasphenomenonovershootThe1972).(Ruch,valuesteady-stateitsovershoot

(Sai-lengthsgateultra-shortwithtransistorsmodernofspeedthedetermininginimportant

0.25aFor1988).al.etHalasz µm n acontributeseffecthot-electronthisMOSFETSi-channel

1991).(Pinto,speedtransistortheinenhancement20%

SiinovershootthedescribingforadequatequiteisabovegivenexplanationqualitativeThe

carriertheonratesscatteringphonontheofdependencestrongaistherewhereGe,and

theinprocessscatteringdominantthecompounds,III-VothersomeandGaAsInenergy. Γ

highsufficientlyatprocessestheseofratetheandphonons,opticalpolartodueisvalley

mobilitythematerialssuchInenergy.ofindependentnearlybecomesenergieselectron

lower-mobilitythetoelectronsoftransferthewithassociatedisenergieshighatdegradation

thebelowseennotisovershoottheConsequently1961).Watkins,and(Ridleyvalleysupper

(effectmobilitydifferentialnegativetheforfieldthreshold F >∼ 3.2 andGaAsinkV/cm

>∼ 11 InP).inkV/cm

Ballistic.17.2.2 formotionsubsequenttheirchanges,suddenlyelectronsonactingforcetheIf

account.intocollisionstakingwithoutconsideredbemaytimeshorta 3 intervaltimeThe

t <∼ τβ timerelaxationmomentumthebyonlynotdeterminedispossible,isthiswhen τm but

timecharacteristicthebyalso τee scatteringeethedefinition,Byscattering.interelectronof

ratetheinneitherincludedisrate 1⁄τm expressiontheinnor(6b)Eq.enterswhich =µ (e ⁄m ) τm

oneffectdirectnohavecollisionseebecausemobility,steady-statefor <v> theycourse,Of.

thethroughprocessescollisionotherinfluencingbyindirectly,effectstrongveryahavecan

functiondistributiontheofshape f (v) concentrationscarrierAt. n >∼ 1017 cm − 3 the

timecharacteristic τβ transport,ballisticfor

________________

inmovingprojectileaofimagetheupconjuresmotion,oftimethistoapplied‘‘ballistic’’termcommonThe3.
ballistictheinmotionelectronictheofpropertiesinterestingsinceapt,verynotisimageThisspace.airless

analogy.cannonballdefieswhichstructure,bandtheoncruciallydependoftenregime
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τβ

1___ =
τm

1___ +
τee

1___ , (7)

thanshorterconsiderablybemay τm .

thetoappliesalsomotionballisticofconceptThe steady-state onecasethisIntransport.

distanceshortaregionsconsiders d <∼ λβ The1.Fig.variation,potentialabruptanfromaway

lengthcharacteristic λβ torelatedis τβ by λβ = <v > τβ shapetheondependquantitiesbothand

functiondistributiontheof f (v) oneensemble,electronantopertainingparametersofInstead.

lifetimeitsviz.motion,electronofstategivenaforparameterssimilardefinesoften τ (v) and

pathfreemeanthe λ (v) Theseelectrons.otherandlatticethewithcollisionsbylimitedas,

distributions.narrowforcoincidepracticallydefinitions

unipolarinexperimentallydemonstratedfirstwastransportballisticSteady-state

al.,et(Hestospectroscopyballistic-electronofideaThe2.Fig.inillustratedheterostructures,

currentcollectortheofdependencethemeasuresonefollowing:theinconsists1982) IC theon

biascollector-base V CB biasemitter-basefixedaat V BE plotsand ( ∂I C⁄∂V CB )VBE
versus V CB If.

ofnumberthetoproportionaliscurveresultantthemet,areconditionsimportantcertain

(i.e.,energykinetictheofcomponentnormalawithbarriercollectortheatarrivingcarriers

barrierthetoequalbarrier)thetonormalmotionthetocorrespondingenergytheofportion

height ΦC dependslinearlyheightbarriercollectorthethatensuremustonetrue,betothisFor.

bias,theon δΦC δ∝ V CB energyhot-electrontheaffectnotdoesbiascollectorthethatand,

reflection.QMabove-barriertheandefficiency,injectionemitterthebase,theindistribution

theStudying I C (V CB) illustratedthattosimilarheterostructureGaAs/AlGaAsaofdependence

Accordingcharacteristic.derivativetheinpeaksharpafound(1985)aletHeiblum2,Fig.in

theatarrivepeakthetocontributingelectronsofmajoritytheinterpretation,authorsto

eventscatteringsingleawithoutanalyzer – leastatbydisplacedbewouldpeaktheotherwise,

energyoptical-phonontheto(correspondingmV36 h_ωop becouldwhichvoltages,lowerto)

height.barrierlowunrealisticallyanpostulatingbyonlyforaccounted
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thethanhighermuchvelocitiestoacceleratedbecanelectronsballisticfieldexternalanIn

velocitysaturatedsteady-state v sat velocitybandmaximumtheto[up dE ⁄d(h_k) inelectronsfor;

ainacceleratedGaAsofbandconductionthe <100> islimitthisdirection ∼∼ 108 andcm/sec]

devices.semiconductorofperformancetheforbeneficialandimportantisenhancementansuch

effectfieldshort-channelintransportballisticrealizeto1987)(Shur,attractiveappearsIt

thebydeterminedbewouldchanneltheinpointanyatvelocitycarrierthethatsotransistors,

iscurrentthewherediodes,vacuuminrealizedissituationaSuchenergy.ofconservation

efforts,considerableDespitelaw.Child-Langmuirthebydescribedisandlimitedchargespace

current-voltagethewhichinto-datedemonstratedbeenhasstructuredevicesemiconductorno

forconditionspractice,Inlaw.similaratoconformconvincinglywouldcharacteristics

muchtypicallyconcentrationscarriersheet(wherechannel2Daintransportcollisionless

exceed 1011 cm − 2 inresulttypically(whichcollisionseeofbecauserealizetodifficultveryare)

λβ < A1000 ˚ concentrations).theseat

field-aofchanneltheincasetheusuallyisashigh,veryiscollisionseeofratetheWhen

itsintransistoreffect on Ingas.athanfluidalikeratherbehavesensembleelectronthestate,

ofabsencethe other FETtheinfluidelectronictheimpurities),andphonons(withcollisions

(Dyakonovwatershallowforthosetosimilarequationshydrodynamicbydescribedischannel

newseveraldiscussed(1995a,b)ShurandDyakonovanalogy,thisonBased1993).Shur,and

short-channelaparticular,Influid.electron2Dtheinoscillationsplasmatorelatedeffects

plasmatheatradiationelectromagneticantoresponseresonantahastransistorhigh-moblity

tousedbecaneffectThis1996).Shur,and(Dyakonovelectrons2Dtheoffrequencywave

thebyoutpointedAsfrequencies.terahertzatmultipliersandmixersdetectors,implement

transit-timeconventional,thanfrequencieshighermuchatoperateshoulddevicestheseauthors,

theirMoreover,electrons.thanfastermuchpropagatewavesplasmathesincedevices,limited

Schottkyofthoseexceedgreatlytoexpectedbecanefficienciesconversionandresponsivities

range.terahertztheinmultipliersandmixersdetectors,asusedcurrentlydiodes
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Mesoscopic.17.2.3 arecollisionseeandlowsufficientlyisconcentrationcarriertheWhen

departmayperturbationexternalunderfunctiondistributiontheirofshapetherare,

in(GaussianshapeMaxwellianThe(3).formquasi-equilibriumthefromconsiderably

viewedbecanvelocities) – statisticsoftheoremlimitcentralwell-knowntheofspiritthein –

orcontributingeachevents,scatteringindependentofnumberlargefromresultingas

energy.ofamountrandomawithdrawing 4 distributionelectronthecollisions,eeBesides

scatteringindependentprovidedwell,asinteractionsotherbymaxwellizedbecanfunction

thishasphononsacousticbyScatteringelectrons.withenergiesrandomexchangeevents

inelasticonlythewerelattertheIfnot.doesscatteringphononopticalwhileproperty,

strangeratherbewouldfunctiondistributionelectrontheofshapeequilibriumtheinteraction,

ofpeculiarityThedifferent.ratherensembleelectrontheofpropertiesthermodynamicand

quantizeswhichnature,monochromaticlargelytheirfromstemsphononsopticwithinteraction

ofunitsinexchangeenergythe h_ωop.

phononsopticaltodueraterelaxationenergyelectronthetemperatures,highsufficientlyAt

(1/τ(op) (1/phononsacoustictoduethatthanhigheris) τ(ac) magnitude.ofordersseveralby)

semiconductorsinTypically, τ(op) <∼ 10 − 12 ands τ(ac) >∼ 10 − 9 ofdisparityThis1967).(Conwell,s

inisthatensembleelectronicanofformationthetoleadcantimesrelaxationinelasticthe

acousticwithinteractedappreciablyyetnothasbutsystemoptical-phononthewithequilibrium

referredconvenientlybecantransportelectronicinpropertiestheseofManifestationphonons.

thefromdistinctionaandtoparallela(drawingeffects’’mesoscopic‘‘classicaltheasto

electronicanoftimeorlengthcoherencethewhenoccurthateffectsmesoscopicquantum

considered(1990)LuryiandGrinbergdimensions.systemcharacteristicexceedsfunctionwave

withdistributionMaxwellianabycharacterizedinitiallyensembleelectronanofkineticsthe

T e = T i temperatureequilibriumatlatticethewithinteractiontosubject, T initialtheSince.

________________

quantumtheofpresensetheIntheorem.limitcentralthecontradictnotdoes(3)distributionofformThe4.
Fermiatoleadcollisionsmultipleprinciple,exclusionPaulithebymaintainedelectrons,betweencorrelation

distribution.Maxwellthanrather
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theofbecausetimeinevolvesitfunction,Boltzmannequilibriumthenotisdistribution

scattering.e-ethetodueandphonons,acousticphonons,opticalwithinteractionselectron

thatassumptiontheUnder τ(op)⁄τ(ac) << 1 and τ(op)⁄τee << 1 quasiaestablishrapidlyelectrons,

thenandstate)mesoscopic(thefieldphononopticalthewithequilibrium – scalelongeraon –

e-ethethoughEvenprocesses.scatteringinelasticotherbyestablishedisequilibriumtruethe

interaction,inelasticanascountsitenergy,electronaveragethechangenotdoesscattering

distribution.non-stationarytheofshapethechangesitbecause

statisticalthefromdeterminedbecanstatemesoscopictheoffunctiondistributionThe

isfunctionthisofshapeTheequation.kineticthesolvingactuallywithoutalone,consideration

(narrowtheforboth3Fig.inillustrated T i < T (broadand) T i > T Evendistributions.initial)

temperatureatphononsopticalwithequilibriumperfectinissystemelectronthethough T ,

inthosefromdifferentveryarestatemesoscopictheinelectronsofpropertiesthermodynamic

energyaveragethee.g.,equilibrium,true <E > ≠ (3⁄2) kT thefromdeviatesheatspecifictheand

valueclassical 3k ⁄2 mesoscopictheinmobilityelectrontheAlso1990).Luryi,and(Grinberg

thefromdifferentveryiseffectthisofscaletimeTheovershoot.strongashowsstate

andps1thanlessinestablishedisstatemesoscopictheovershoot;velocityconventional

nanoseconds!)to(uptimelongaforpersists – interelectronandphononacousticbycontrolled

carriedbeenhaskineticsmesoscopicclassicaltheofstudynumericalSystematicscattering.

(1991).aletGrinbergbyout

transistorsanddiodeselectronHot17.3

electronhotoftypethetoaccordingclassifiedbecanelectronshotofapplicationsDevice

areeffect,Gunnthewithbeginningapplications,practicaltheofMostinvolved.ensemble

onbased quasi-thermal thanrather ballistic formerthethatreasonsimpletheforensembles,

naturallyarise – maintainedeasilybecanand – theininputpowerwhensituationsmanyin

ballisticcontrast,Inrate.relaxationenergytheexceedstemporarilysystemelectronic

conditions.specialunderonlymaintainedbecanand‘‘capricious’’areensembles
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tohopethebydrivenbeenhasdeviceshot-electroninresearchpioneeringtheofMuch

oftentemperaturecarrierIncreasingapplications.high-frequencywithdevicesnewdevelop

toleadmaythusanddevice,electronicanintransportcarrierofnaturethechangesdrastically

Bothcharacteristic.current-voltageunstableanand(NDR)resistancedifferentialnegativea

withpossibleareinstabilitiesNDR)(N-shapedrivenvoltageandNDR)(S-shapedrivencurrent

oftypeformerthe(1963)RidleybyshownfirstAsensembles.electronquasi-thermal

domainsfieldelectricofformationtolattertheandfilamentationcurrenttoleadsinstability

S-shapeanexhibitingdeviceheterostructuresimplestThe11).Chap.1981,Sze,e.g.(cf.

4.Fig.inillustrated(1986),al.etHessbyproposeddiodehot-electrontheisinstability

ofplanethetonormali.e.,‘‘vertical’’isdiodethisintransportcarrierofDirection

isbarriertheacrosscurrenttheandcoldareelectronscurrentslowAtlayers.heterostructure

hotofemissionthermionicismechanismconductionthecurrentshighAttunneling.by

wasdiodeHessTheresistance.lowerahasregimehigh-currentThebarrier.theoverelectrons

NDRS-shapeandemonstratedwho(1988)al.etEmanuelbyexperimentallystudied

anbyaccompaniedisregimestwothesebetweenTransitionregimes.stabletwoconnecting

Spatio-temporaloscillations.frequencyhighofgenerationtheforusedbecanwhichinstability

SchoandWackerbystudiedbeenhasinstabilitynovelthiswithassociateddynamics
..

(1994).ll

transportparallelwithheterostructuresinarisesinstabilityhot-electronoftypeAnother

isinstabilitytheandresistancehigherthehasregimehot-electrontheHerelayers.thealong

differentlythemselvesredistributeandhotbecomecarriersvoltageshighAtvoltage-driven.

real-ofnametheunderknowneffect,ThisNDR.N-shapetoleadinglayers,parallelamong

section.nexttheindiscussedbewill1979),al.et(Hesstransferspace

diodes.transferReal-space17.3.1 ofmechanismaas(RST)transferreal-spaceofideaThe

HessSubsequently,(1972).GribnikovbyproposedfirstwasheterostructureslayeredinNDR

usingbydiodesRSTofimplementationtheforwaypracticalaproposed(1979)al.et

discoveredwaseffectRSTtheproposal,thisafterShortlymultilayers.dopedmodulation
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firstwasdiodeRSTtheingenerationMicrowave(1981).al.etKeeverbyexperimentally

theForstructure.modulation-dopedsamethein(1982)al.etColemanbydemonstrated

byreviewrecentexcellentantoreferredisreaderthedevelopmentdiodeRSTtheofhistory

Ridley-WatkinsthetosimilaritystrongabearsRSTofideaThe(1995).al.etGribnikov

model.simplefollowingthebyillustratedaseffect,Gunntheofmechanism

thicknessoflayersnarrow-gapwithheterostructuremultilayerperiodicaConsider d 1 and

thicknessoflayerswide-gap d 2 mobilityfield-independentaAssume. µi (layereachin µ1 > µ2)

masseselectroneffectiveand m 1 and m 2 unitperelectronsofdensitytotalTherespectively.,

neutrality:overallthebyfixedisarea n 1 + n 2 = n = soarelayersthatfurtherAssumeconst.

thatthin T e whenhenceandgaselectronwholethetopertainsbuttemperaturelocalanotis

tolayeronefromtransferredbeingnotisenergymeantheelectrons,exchange2and1layers

another.

bycharacterizedstate,steadytheIn T e imrefelectronthe, EF theinconstantbemust

flowcurrentabewouldthereotherwiselayers;heterostructurethetoperpendiculardirection

thestatistics,bulknon-degenerateUsinglayers.thebetweenchargeofredistributionaand

bygivenislayereachindensitycarriersheet

ni ⁄di = (22 π mi kT e⁄h
_2)3⁄2 e

− (E
Ci

− E
Fi

)⁄kT
e . (8)

Taking EF 1 = EF 2 = EF denotingand, ∆E ≡ EC 2 − EC 1 ratiothefindwe, n 1⁄n 2 form:thein

z ≡
n 2

n 1___ =


 m 2

m 1____




3⁄2

d 2

d 1___ e
∆E

C
⁄kT

e = z (T e) . (9)

ofmodelRidley-Watkins-Hilsumtheinpopulationsvalleyofratiothetoanalogousis(9)Eq.

(6a),equationbalanceenergytheFromeffect.Gunnthe

τε

k (T e − T ) n___________ = Fe 2 (n 1µ1 + n 2µ2 ,) (10)

offunctionaasfieldelectrictheexpresscanwe T e:
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F (T e) =


 e τε µ (T e)

k (T e − T )_________




1⁄2

(11)

where µ (T e) 2,and1layersinelectronsofmobilityaveragetheis

µ (T e) ≡
n 1 + n 2

n 1µ1 + n 2µ2___________ =
z + 1

z µ1 µ+ 2_________ . (12)

offunctionaalsoisdiodetheofwidthunitperdensitycurrentThe T e:

J (T e) = ne µ (T e) F (T e) ≡ ven  (T e) . (13)

Eliminating T e dependencevelocity-fieldthefindwe(13)and(11)Eqs.from v (F ) 5.Fig.,

factortheNDRdeepFor ( m 1⁄m 2 ) 3⁄2 (d 1⁄d 2) statesofdensity(thepossibleassmallasbemust

increasingthethenOnlyhigh).bemustlayerslow-mobilitythein T e strongatoleadwould

indecrease µ (T e) and v.

structuretheofpolarizationelectrictheaccountintotakenotdoesmodelsimpleaboveThe

particularofispolarizationthislayers;thebetweenredistributionelectronfromarising

oscillator,anasusedisdevicetheIf6.Fig.structures,modulation-dopedinimportance

maximumThelayers.mobilitylowandhighthebetweenforthandbackcyclemustelectrons

thefromreturningelectrons‘‘cold’’toduedelaythebylimitedisfrequencyoscillation

theoveremissionthermionicbymainlyoccursprocessThis2.layersin‘‘pockets’’potential

modulation-dopedaFordonors.ionizedofspace-chargethebycreatedbarrierpotential

atbetoestimatedbecantimereturnthetemperatureroomatheterostructureAlGaAs/GaAs

least 10−11 somethatsuggestsThistemperatures.loweratlongersubstantiallybemayandsec

K77atstructuresmodulation-dopedinactivitymicrowavemulti-GHzofobservationstheof

RST.thanratheroscillations,Gunntoduebefactinmay

Scho
..

tocoupleddynamicallyRSTofnaturenonlineartheconsidered(1991)Aokiandll

surprisinglyafoundandheterostructuresmodulation-dopedineffectspolarizationspace-charge

RST,todueincreaseslayerswidegaptheindensitycarriertheAsdynamics.nonlinearrich

potentialinbendingbandtheanddecreaseslayerstheseinchargespacepositivenetthe

ofdepletionandemissionthermionicbackwardincreasedantoleadsThisout.flattenspockets
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thetoduedelaysomewithforthandbackcyclethusmaysystemThepockets.potentialthe

widegaptheinchargespacetheofandfieldelectrictheofrelaxationdielectricofratefinite

Scholayers.
..

self-chaoticandperiodicbothofexistencethepredicted(1991)Aokiandll

time-scaledistincttheofExistenceGHz.100to20ofrangetheinfrequenciesatoscillations

complicatedrathertorisegivesrelaxationdielectricslowandRSTfastthebetweenseparation

fieldtravelingofformationthee.g.,system,thisinscenariosevolutionspatio-temporal

(Dodomains
..

Schoandttling
..

1994).ll,

devices.transferreal-spaceMulti-terminal17.3.2 beganRSTtheofapplicationsTransistor

hot-wherestructurethree-terminalaof(1983)LuryiandKastalskybyproposalthewith

betweenoccursinjectionelectron contactedseparately calledstructure,Thislayers.conducting

FETresistancenegativeor(CHINT)transistorinjectionchargethe(interchangeably)

drainandsourcehas(‘‘emitter’’)layerstwotheofOne7.Fig.inillustratedis(NERFET),

is(‘‘collector’’)layerotherThecathode.hot-electronaofroletheplaysandcontacts

fieldsource-drainthebyheatedareelectronsemittertheWhenbarrier.potentialabyseparated

alayer;collectortheintobarriertheoverinjectedarebutdrainthereachnotdothemofmost

controlefficientanfromresultsactiontransistorThecircuit.draintheindevelopsNDRstrong

temperatureelectrontheof T e currentinjectionthehenceand I C voltageinputtheby V D.

heterosystemGaAs/AlGaAsindevicesRSTthree-terminalofdemonstrationsfirsttheSince

technologytheinmadewasprogressconsiderable1984a,b)al.etLuryi1984;al.et(Kastalsky

contactsepitaxialwithheterostructuresInGaAs/InAlAsofImplementationfabrication.deviceof

devicesThese1990a,b).al.et(MensztemperatureroomatNDRdeepofobservationenabled

aboutofcut-offsgainpowertheandcurrentthewithperformancefrequencyhighshowedalso

40 aretransistorsRSTInGaAs/InAlAsofcharacteristicsStatic1990c).al.et(MenszGHz

circuitdraintheinNDRtheofratiosvalleytopeakhighestforquestThe8.Fig.inshown

eventhenandratioinfiniteanwhenunexpectedly,ratheroutturned negative ofvaluesvalley

I D (1991a)PintoandLuryibygivenwasbehaviorstrangethisofExplanationobserved.were



----
DevicesSemiconductorinElectronsHot17. 15

LuryiSerge 199727,AugustDraft:

potentialelectrostaticitswithchanneltheindomainhot-electronaofformationtheoftermsin

thewithtransistorsRSTof(1991)LuryiandPintobySimulationdrain.theofthatexceeding

characteristicsmultiply-connectedofexistencetherevealedtechniquescontinuationofhelp

foldsandloopsmanywith – observedexperimentallyforaccountqualitativelywhich

andprocessRSTfastthebetweeninterplayantoduearisefeaturesThesenonlinearities.

tosimilarityconceptualadrawcanonechannel;theinrelaxationdielectricslowerrelatively

SchobydescribeddiodesRSTdopedmodulationininstabilitiesnonlinear
..

(1991).Aokiandll

ishighisseparationvalleysatellitethewhereInGaAsofmadechannelsemitterofuseThe

KizillyallibyshownwerethateffectstransferintervalleyfromRSTthedisentangletowayone

ofspeedultimateachieveTostructures.GaAs/AlGaAsinimportantverybeto(1989)Hessand

slowswhichtransferspacemomentumparasitictheofridgettoimportantisittransistorsRST

current-gain(extrapolatedtransistorsRSTinspeedrecordTheoperation.devicethedown

heterostructuresInGaAs/InPin(1994a)al.etBelenkybydemonstratedwasGHz)115ofcutoff

(RSTforheightbarrierthewhere ∆E C ∼∼ 0.25 intervalleythanlowertwicenearlyiseV)

(channeltheinseparation E L Γ = 0.55 configuration,top-collectorahaddevicesTheseeV).

top-processedSimilarlycapacitances.parasiticofviewofpointthefromadvantageous

(wheredevicesInGaAs/InAlAscollector ∆E C ∼∼ 0.5 ashighasnearlyiseV E L Γ = 0.55 hadeV)

atodifferencetheattributed(1994a)al.etBelenkyfrequencies.cutofflowersubstantially

process.RSTthedownslowingtransferspacemomentumofeffectparasitic

usingbyeliminatedbealsocaneffectstransferspacemomentumUnwelcome p -type

isholesheavyofheatingHowever,1990d).al.etMensz1990;al.et(Favaroheterostructures

ofheatingasefficientasnot Γ fieldgivenaInelectrons.-valley F effectivesteady-statethe

temperaturecarrier T e velocitydriftcarriertoproportionalis <v> 6a).Eq.(cf.fieldthealong

field,givenanyincarriersmasslowerforhigherislattertheSince 5 requiresholesofRSTthe

________________

regimemobilitytheinisonefields,lowerFor5. =µ e τm⁄m hasoneregime,velocitysaturatedthein;
<v > ∝ (h_ωop⁄m )1⁄2.
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heterostructures,silicon-basedinexcessivebenotmaypenaltyThisfields.heatinghigher

VLSItraditionalwithtransistorsRSTofintegrationadvantageouscontemplatemayonewhere

logicpowerfulofimplementationthereported1996)(1994,al.etMastrapasquaThus,circuits.

heterostructures.Si/GeSistrained-layerinholeshotofRSTusingelements

RSTofimplementationtheforidealnearlyissystemInGaAs/InPmatchedlatticeThe

withinstaytoattractiveisithowever,applications,contemplatedmanyFortransistors.

1989;al.et(Favarogroupsseveralend,thisTosubstrates.GaAsonbasedtechnologies

thewithtransistorsRSTreportedhave1991)Mizutani,andMaezawa1990;al.etHueschen

reviewstheincitedreferencesalsoseelayers,InGaAsstrainedinimplementedchannelemitter

strained-layerofdesigntheinProgress(1995).al.etGribnikovand(1990a)Luryiby

al.etWu1995;1994,Lee,and(LaidaythistocontinuestransistorsRSTInGaAs/GaAs

1995a,b).

aofperformancemicrowavethestudied(1991)MizutaniandMaezawa 1 µm-channel

deviceheterostructureAlGaAs/InGaAs/GaAs – insulated-gateanasoperationitscomparing

Theycollector).aofroletheplaysgatethemode,latterthe(intransistorRSTaasandFET

thethanthree)offactoranearly(byfasterismodeRSTthethatexperimentallydemonstrated

bysimulationsCarloMontesubsequentbysupportedwasconclusionThismode.FET

RSTaofspeedultimatethethatfactthefromresultsadvantageThis(1992).al.etAkeyoshi

barriertheorderofdistancesoverelectronshotofflightoftimethebylimitedistransistor

Nevertheless,FET.aofcharacteristicflight,oftimesource-to-drainthethanratherthickness

high-speedastransistorsRSTofusetheforprospectsbrightseenotdoItimethisat

intoscaledisdevicethewhenillusoryprovesadvantagetime-of-flightthesinceamplifiers,

ofdependencesharpextremelyanispessimismforreasonAnotherregime.submicrondeep

gaincurrentshort-circuittheassuchparameters,small-signalthe h 21 gainunilateraltheand U ,

biasheatingelectrontheon V D thethoughEven1994a).al.etBelenky1990c;al.et(Mensz

applications,usefulfinditselfmaybiasDCquasi-statictogaintheofsensitivityextreme

demonstrated.betoyetarepropertyuniquethisofadvantagetakingcircuits
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theistransistorsRSTofpropertyfundamentalA equivalencesymmetry Pinto,and(Luryi

statesinternalthebetween1992) S [V D , V C] biasexternaldifferentatdevicetheof

configurations:

S [ V D , V C ] →← S [ − V D (, V C − V D ]) . (14)

source-thetonormalplanetheinsymmetryreflectionthefromfollowscorrespondenceThis

iscurrentoutputtheThus7.Fig.cf.middle,theinchannelthecutswhichdirectiondrain

voltagesinputtheofinterchangeanunderinvariant VS and V D anexhibitsdevicetheand

(exclusive-OR xor asregardedvoltages,inputtheoncurrentcollectortheofdependence)

signals.logicbinary

inputthreewithdeviceRSTainobtainedisfunctionalitylogicpowerfulmoreEven

ORNANDtheastorefershallwewhichdevice,This1991b).Pinto,and(Luryiterminals

ornand ({Vj}) ≡ ( V1 ∪ V2 ∪ V3 ) ∩ ( V 1 ∪ V 2 ∪ V 3 ) (15)

= V1 ∪ V2 for V3 = 0 (or)

= V 1 ∪ V 2 = V1 ∩ V2 for V3 = 1 (nand)

symbolsthewhere ∩, ∪ and, A functionslogicforstand and , or and, not A respectively.,

When V3 low,is ornand ({Vj}) = or (V1, V2) whenand, V3 high,is ornand ({Vj})

= nand (V1, V2) (1990)al.etLuryibydemonstratedfirstwasgateORNANDanofOperation.

(1994,al.etMastrapasquaRecently,transistors.RSTdiscretethreeofassemblyanusing

andheterostructureSi/SiGeinimplementedgateORNANDmonolithicareported1996)

temperature.roomatoperating

latticeheterostructureInGaAs/InAlAsainimplementedgateORNANDshows10Figure

thein(15)functionlogictheBesides1993).al.et(MastrapasquasubstrateInPtomatched

currentcollector I C ({Vj}) ofideaThelight.outputtheinfunctionsimilarashows10aFig.,

‘‘triodes’’emitting(lightdevicesfunctionalemittinglightofimplementationtheforRSTusing

bydemonstratedand(1991)Luryibyproposedfirstwaslasers)multiterminaland

ofRSTonbasedisdevicessuchofOperation(1992).al.etMastrapasqua carriersminority
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incross-sectionstructurethecf.type,conductivitycomplementaryoflayercollectorainto

logicOpticalemitter.lightefficientanbetodesignedbeenhasstructureThis10b.Fig.

betterevenbetoprovedtemperaturesroomatheterostructuresInGaAs/InAlAsinoperation

becausestates)logicdifferentinoutputofratioon/offtheofterms(inoperationelectricalthan

parasitictosensitivenotisandelectronshotoffluxRSTthebyonlygeneratedisoutputlight

illustratedkindtheofdeviceslogicRSTemittinglightofOperationholes.majorityofleakage

promisingmorePotentially(1993).MastrapasquaandLuryibyreviewedbeenhas10Fig.in

top-theintransistorsRSTlight-emittingaretechnologically)challengingmorealso(but

barriersInPandInAlAswithstructuressuchofinvestigationParallelconfiguration.collector

(1993)aletBelenkyenabledInGaAs)inimplementedcollectorandchannelemitterboth(with

hot-carrierandRSTofefficiencyradiativethewithassociatedissuesphysicstheclarifyto

RSTemittinglightreported(1996)al.etLaiRecently,layer.collectorthewithineffects

Instrained-layerutilizingandsubstratesGaAsonimplementeddevices 0.2Ga0.8 emitterAs

bewilldevicesinjectionRSTofapplicationspotentialattractivemostthebelieveIchannels.

optoelectronics.ofareatheinfound

itsofviewinlikelynotisgateORNANDtheonbasedoperationlogicpurposeGeneral

thein(evendissipationpowerlargerelatively off currentsubstantialaistherestate – flowing

andKoscicabyintroducedrecentlywasinnovationinterestingancontext,thisIndrain).theto

theirprinciple,InFET.anwithseriesintransistorRSTanintegratedwho(1995)Zhao

theindissipationpowereliminatetoallowsstructure‘‘FERST’’ off (1992,al.etTianstate.

CarloMontebyoperationtheirstudiedanddevicesRSTlogicofclassanotherproposed1993)

employtoisideanovelkeyThesimulations. two electrodesoutput C 1 and C 2 quiteis(which

flowwillRSTthefield,heatingtheonDependingconfiguration).top-collectortheinpossible

ineitherpredominantly C 1 inor C 2 isRSTonbasedfunctionroutingfastaodconceptThe.

itsbut8)Fig.(seethatjustdoingisdeviceCHINToriginalthesense,aInappealing.very

andinputanbetweenswitchediscurrentoutputthesinceused,hardlybecanfunctionrouting

FERSTthehand,othertheOnelectrodes.outputtwobetweenthanratherelectrodesoutput
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functionroutingtheperformsitasproblem,thisoffreeis(1995)ZhaoandKoscicaofdevice

gate.insulatedanbycontrolled

transistors.Ballistic17.3.3 section,thisindiscussedtransistorshot-electronBallistic-injection

andbipolarallincludesalsowhich(PET)transistorspotential-effectofgroupthetobelong

fromresultsactiontransistordevicestheseIntransistors.analog aofheightthemodulating

injection.carrierforbarrierpotential chargethebyelectrostaticallycontrolledisbarrierThe

transistorspotential-effectoftypesDifferentelectrode.inputanbybasethetosupplied

base.thetochargesupplyingofwaysdifferentemploy

carriersfor‘‘transparent’’bemustitthatisbasetheofpropertyimportantmostThe

thatPETsalloffeaturenotableaisItemitter.thefrominjected theinparticipatingcarriers

heightbarrierthecontrolthatthosefromdistinctarecurrentoutput betweenmixingAny.

classicTheperformance.transistortheofdegradationatoleadscarriersofgroupsthese

determinedisgroupstwotheofidentitythewheretransistor,bipolartheisPETaofexample

carriersminoritytheforbasetheofTransparencymove.carriersthewhichinbandtheby

traveltoneedtheytimethethanlongersubstantiallyislifetimetheirthatfacttheonrelies

allofprototypetheiswhichtriode,vacuumaIncurrent.outputtheformandbasetheacross

similarspace’’;‘‘realtheofregionsdifferentinmovecarriersofgroupstwothePET’s,

transistors.analogmostinoccurssituation

narrowdistinctainmaintainediscarriersofgroupeachtransistors,hot-electronballisticIn

atemitterthefrominjectediscarriersofgroupOneband.samethewithinrangemomentum

to‘‘native’’arecarriersofgroupothertheballistically;basetheacrosstravelsandenergyhigh

canonetransistor,bipolarainAsfashion.equilibriumanintheredistributedareandbasethe

momentumtheofportionsdifferentinmovecarriersinjectedtheandcontrollingthethatsay

thecrosstorequiredtimeshorttheonreliescarriersballisticfortransparencyBasespace.

timerelaxationmomentumthetocomparedbasenarrow τm theforrequiredtimetheiswhich,

identity.theirlosetobasetheincarriersofgroupstwo 6
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physicalthebyandemployedmaterialsthebydiffertransistorsBallistic-injection

injectionhot-electronaofproposalfirstThebase.theintoinjectionhot-electronofmechanism

thinathroughemittermetalafromtunnelingelectrononbasedwas(1960)Meadbydevice

barrierinsulatingAnother11a.Fig.base,metalainstateenergyhighaintobarrieroxide

thecalledwasstructurewholetheandelectrodecollectormetalafrombasetheseparated

haddevicethisofversionsSubsequenttransistor.(metal-oxide-metal-oxide-metal)MOMOM

structuretransistorainresultingjunction,metal-semiconductorabyreplacedMOMsecondthe

collectorvacuumaemploytomadebeenalsohaveAttempts11b).(Fig.MOMSthecalled

tunnelingthenratherthermionicemploywhichtransistors,Metal-base(MOMVM).barrier

aofformtheinproposedfirstwerebase,theintocarriershotofinjection

SMSanofdiagrambandSchematicstructure.(SMS)semiconductor-metal-semiconductor

11c.Fig.inillustratedistransistor

SMStheusingdiscussedbecantransistorshot-electronballisticallofprinciplesbasicThe

Thetransistor.junctionbipolartheofanalogunipolardirectaisSMSTheexample.anas

theinrespectively,biased,diodesSchottkyarejunctionsbase-collectortheandemitter-base

Asdirection.reversetheandforward V BE exponentially.risescurrentemittertheincreases,

muchtoolosingwithoutittraversebasemetaltheintoinjectedelectronsthatishopeThe

isenergyelectroninjectedthejunctionbase-collectortheofplanetheatthatsoenergy,

terminology,bipolartheFollowingbarrier.metal-semiconductorthecleartohighsufficiently

astoreferredisratio)transfer(thecollectorthetoitmakethatelectronsinjectedoffractionthe

gaincurrentcommon-basethe α If. α isgainpowertransistorthethenunity,tocloseis

resistance,inputsmallthetoresistanceoutputlargetheofratiothetoequalapproximately

biased.forwardisdiodeSchottkyemitter-basetheassmallerprogressivelybecomeswhich

________________

longeraforpersistsgroupstwothebetweendistinctionthatarguecanonespeaking,Strictly6. – energy
relaxation – time τε takewouldthatdesigntransistorballisticunipolaranyofawarenotamIHowever,.

verybewouldpropertiestransport‘‘robust’’withtransistoreffectpotentialAopportunity.thisofadvantage
ensemble.electronballisticaemployhardlycoulddeviceasuchbutattractive
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Thedifferently.somewhatoperatestructuresMOMS)(MOMOM,tunnel-emitterThe

beingisWhatbias.inputtheoffunctionstrongabetohavenotdoesandnotiscurrentemitter

Dependingbarrier.collectortheoftopthetorelativeenergyinjectionelectrontheiscontrolled

Incollector.theinorbasetheinmostlyupendelectronsinjectedtheenergy,thaton

ratiotransfercontrolledawithdevicesaretransistorstheseprinciple, α – relativelyaswitching

circuits.collectortheandbasethebetweencurrentemitterconstant

poortheiristransistorsmetal-base)otherall(andSMStheplaguedhasthatproblemThe

ratiotransfer α theextrapolatingandstructureSMSmonocrystallineidealanassumingEven.

ofvaluescalculatedtypicalthezero,tothicknessbase α duemainly—lowunacceptablyare

mostIninterface.base-collectortheatelectronsofreflection(QM)quantum-mechanicaltheto

isstructurebanddifferentwithmaterialsinstateselectronicbetweentransmissioncases,

kinematically.suppressed 7 ofcasethefor(1989)HamannandStilesbycalculationsExact

NiSithroughtransmissionelectron 2 areelectronsof50%overthatindicateinterfaces-Si

conductpracticeininterfacesMetal-semiconductorsituation.idealmosttheinevenreflected

(sucheffectsotherandphononsboundaries,polycrystallineofsizefiniteimperfections,todue

thetoparallelmomentumcrystaltheofconservationtheviolatingpermitthatdiffraction)as

(exceptdiodesSchottkyofoperationtheaffectseriouslynotdomechanismsTheseinterface.

constantRichardsontheofvalueeffectivetheloweringby A* to A** but1981)Sze,e.g.,cf.,,

wheretransistors,metal-baseofoperationtheforprohibitivearethey α unity.nearbemust

monocrystallineinactiontransistoraofreportsexperimentalbeenhavethereNevertheless,

Si⁄CoSi2⁄Si withstructures α devicetheinstirsomecausedreportsThese0.6.ashighas

QMtheaidsthatresonance‘‘accidental’’someoutrulenotcouldonesincecommunity

________________

thatassumingandstrainneglectingGe,andSibetweeninterfaceidealizedanconsidertoinstructiveisIt7.
momentumcrystaltheofconservationcase,thisInmaterials.bothincoincideedgesbandconduction

k|| ≡ (kx , ky ) mustmotionelectronictheofstatesfinalandinitialtheboththatrequiresinterfacethetoparallel
(plane,interfacethetoperpendicularsametheonmaterialsbothofzonesBrillouintheinlie kx , ky theIf).

theincounterpartallowedanhavenotwillitband,conductiontheofbottomthenearisstateelectroninitial
coherenttheConsequently,another.oneontoprojectnotdoGeandSiofellipsoidsthesincematerialother

1990b).(Luryi,vanishwillprobabilitytransmission
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verynotisinterpretationansuchthoughevendevices,theseinelectronshotoftransmission

metalbasetheinpinholesofexistencethetorelatedisexplanationprobablemoreAlikely.

byanalysisCarefulcollector.theandemitterthebetween‘‘pipes’’siliconcontinuousi.e.film,

characteristicsdevicetheandsizespinholethebetweencorrelationtheof1986)al.etTung

theOnbase.thethroughcurrenttheofcomponenthot-electronaforevidencenorevealed

angivescasessomeinconductionpinholethehand,other α SMSThe0.95.ashighas

1964)(Lindmayer,transistorbasepermeablealikeworkstherefore,structure, – anotiswhich

aopinion,ourinhas,basepermeableathroughemissionThermionicdevice.hot-electron

base.metalathroughtransporthot-electronthethantransistorsinuseforpotentialgreater

infoundbecanconceptstransistorhot-electronmetal-basedofhistorythetoReferences

years.recentinconceptstheseofdevelopmentlittlebeenhasThere1990b).(Luryi,reviewmy

inprogresstremendousthebyrevivedwastransistorshot-electronballisticininterestThe

(1981)HeiblumbypaperinfluentialAnheterojunctions.semiconductorofgrowthepitaxialthe

ofnumberAMBT.ofanalogsall-semiconductorofconceptthetosupporteloquentoffered

12Figure1990b).Luryi,byreviewcitedabovethe(cf.implementedbeenhavedevicessuch

largelybecanreflectionsQMofproblemThediagrams.energy-bandschematictheirshows

structuressuchinavoided – Brillouin-zonesimilarinoccurstransportcarriertheprovided

dopedawithtransistorshot-electronallofdesigntheIninterface.theofsidesbothonpoints

ofdegradationthebetweentrade-offafacesonebase α thickerinworse(getsscatteringtodue

nonearlyleavestrade-offThislayers.thinnerforresistancebaseincreasingtheandlayers)

transistor.ballistichigh-speedaofimplementationtheforroom

anproposedhadIproblem,thiscircumventtoattemptanIn transistorinduced-base (Luryi,

transistormetal-baseaasregardedbecan12c,Fig.inillustrateddevice,This1985). – with

fieldcollectortheby(inducedtwo-dimensionalis‘‘metal’’basethethatdifferencenotablethe

itsofindependentvirtuallyisconductivityinduced-baseTheheterointerface).undopedanat

todownthickness d <∼ A100 ˚ todueelectronshotoflossthedistancesshortsuchAt.
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ofvelocityballisticawithbasetheacrosstravelingelectrons,hotInjectedsmall.isscattering

order 108 cm⁄sec Forphonons.opticpolarofemissionthethroughmainlyenergytheirlose,

d = A100 ˚ indecreaseattendantthe α thetolossesEnergy1%.aboutbetoestimatedis

firstThenegligible.aregaselectron2Dtheofexcitationssingle-electronandcollective

ashowed1986)al.et(Changtransistorinduced-basetheofimplementationexperimental

ofgaincurrentcommon-base α ∼∼ 0.96 theapproachesgainofvalueThistemperature.roomat

ainscatteringandinterfaceGaAs/AlGaAsatreflectionQMthebothtoduelimitestimated

A100 ˚ base.GaAs-thick

theasviewedbecantransistorbaseinducedThe "ultimate" device.ballisticunipolar

seemnotdoesusepracticalitsfabrication,ofdifficultiestheasideleavingevenNevertheless,

inducedanoflimitationspeedthe1985),(Luryi,paperoriginalmyinstatedAslikely.very

(HBT)transistorsbipolarheterojunctionofthosetosimilarquitearetransistorbase – devices

enjoytimesametheatandtechnologymaturemoreincomparablyanbymanufacturedarethat

wide-gapawithHBTaofideaThecharacteristics.reproducibleandrobustmoremuch

ofnumberabytheoreticallydevelopedand(1951)Shockleybyproposedfirstwasemitter

emitterwide-gaptheofadvantageThe1982).(1957,Kroemerbynotablymostworkers,

suppressed.practicallybecanemittertheintoinjectionminority-carrierthethatisconcept

gain.thedegradingwithoutlayersbasedopedheavilyofusetheallowsThis

HBThot-electrontheofimplementationtheinachievedbeenhasprogressGreat – devicea

base.theintransportballistic‘‘non-equilibrium’’employswhich 8 theisHBTHot-electron

inillustrateddevice,thisIn1989).al.et(Chenspeedssubpicosecondreachtotransistorfirst

thetoperpendicularconeangularsmallaintoenergieshighatlaunchedarecarriers13,Fig.

directiontheinpeakedsharplyisdistributionvelocitythethatfactThejunction.base-emitter

________________

non-istransportminority-carrieranythatfactthestresstoquotesinare‘‘non-equilibrium’’wordsThe8.
However,recombination.ofpossibilitythetorespectwith‘‘hot’’alwaysarecarriersMinorityequilibrium.

talkcanonetime,relaxationenergykineticthethanlongermuchtypicallyaretimesrecombinationthebecause
carriersminorityofdistributionenergyquasi-equilibriumaabout – ofequilibriumthatfromdeviationsand

base.theacrossballisticallytravelingandenergieshighatinjectedpacketsminority-carrier
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1989).al.et(Jalaliareadevicethedownscalingforbeneficialislayer,basethetoperpendicular

baseextrinsictheinrecombinationbymostlylimitedisscalinglateralthetransistorsbipolarIn

highThestripe).emitterthetoadjacentsurfacetheonandbulkbasethein(bothregion

HBTinvelocityinjection – diffusionbyspreadlateralofratethetocompared – ainresults

area.baseintrinsicthetocarriersinjectedofconfinementspatialbetter

sensitivityextremetheirofbecausemaintaintodifficultareensembleshot-electronBallistic

allbecauseillusory,largelyisadvantagespeedsupposedtheirtimesametheAtscattering.to

limitinglongernoistimeThistime.transitbasetheisdevicestheseinminimizedbecanthat

basethinaacrosstransportdiffusivewithEvenHBT.moderninperformancethe

(W B <∼ 0.1 µm typicallyhasone) τB <∼ 1 unipolaraofconceptentirethethisofBecauseps.

view.myinpractical,longernoistransistorballistic

ofsuccessthesense,aIn bipolar theirthatfactthetoduelargelyistransistorshot-electron

conclusivelytohardevenisitIndeed,transport.ballisticonrelyentirelynotdoesoperation

(1991)al.etRitterThus,HBT’s.narrow-baseinregimesballisticanddiffusivethedistinguish

thicknessbasethestudyingbyregimesthesedistinguishtoattempted(1992)al.etLeviand

gainstaticofdependence β – withstructuresofseriesain W B varying – differenttocameand

bymechanismtransportdominantthedistinguishtopossibleisitprinciple,Inconclusions.

The1992).Luryi,and(Grinbergtransistorsingleaofbehaviorhigh-frequencystudying

performed.beenneverhasanddifficultisexperimentmicrowaverequired

transistor.Coherent17.3.4 prevalencethetransistorsbipolarheterostructureconventionalIn

ballisticunipolarcontrast,Inoperation.devicetheforcrucialnotistransportballisticof

Achilles’theiristhisabove,discussed(asessentiallytransportcollisionlessrequiretransistors

ifonlyultimatelytoleratedbemayeffectshard-to-maintainandsubtleonRelianceheel).

coherenttheconsiderspirit,thisInperformance.theinleapdramaticabyaccompanied

(1993).LuryiandGrinbergbyproposedrecentlydeviceatransistor,
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factortransportbasethegeneral,In αB (ω) α= B  (exp − i ωτB) frequencyincreasingwith ω

spiralinboundandescribes αB → 0 tocoherenttermtheapplyshallWeplane.complexthein

theofinspiralingslowsufficientlyaprovidesthatmechanismtransportany αB (ω) thatsuch,

α B  >∼ 0.5 ofvalueslargefor ωτB >∼ π quantityThe. φB ωτ≡ B angle.transitbasethecalledis

aIn "perfectly" thewithcollectorthetowardtravelelectronsinjectedalltransistorcoherent

velocitysame v B interfaceemittertheatinjectiontheofmodulationperiodicacase,thisIn.

form:theofwavedensityelectronanbasetheinupsets

n (z , t ) = n 0 e
i ω ( t − z ⁄vB ) , (16)

where n 0 thebase,theinpointanyAtmodulation.concentrationtheofamplitudetheis

densitycurrentelectron J (z , t ) equals − env B factortransportcomplextheand αB ishence

αB ≡
J ,(0 t )

J (W B , t )_________ = e
− i ωτB , (17)

where τB ≡ W B⁄v B gaincurrentcommon-emitterthetransistor,intrinsicanIn. h 21
e bygivenis

αB⁄(1 α− B) equalsand

h 21
e =

(sini2 ωτB⁄2)
(exp − i ωτB⁄2)____________ ; (18)

≡β h 21
e =

2  (sin ωτB⁄2) 
1______________

ωτB < 1
∼∼ ωτB

1____ . (19)

ofdeterminationtheforprocedureusualThe f T toextrapolatetoistransistormicrowaveain

forSincefrequencies.lowrelativelyatmeasureddatathegainunity ωτB <∼ 1 gaincurrentthe

asaccuratelyveryoffrolls ω − 1 extrapolationthe(19),Eq.fromseenasdB/decade),10(i.e.,

valueusualtheproducewillprocedure f T = 1⁄2 τπ B transistorcoherentainHowever,. f T notis

frequencyofexistencetheindicates(19)Equationcutoff.gaincurrentfundamentalthe

atcenteredwindows, f ν = 2 νπ f T bycharacterizedand β > 1 .

onlythebase,theinrecombinationNeglectingsimple.iseffectthisoforiginphysicalThe

theofneutralitymaintaintoistransistormicrowaveainflowingiscurrentbasethethatreason

frequenciesresonantThecharge.injectedthescreeningbylayerbase f ν antocorrespond

numberinteger ν periodsof =λ v B⁄f thatextenttheTobase.thein(16)wavedensitytheof
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minority-carriertotalthetransistor,coherentperfectainamplitudeindecayingnotiswavethe

all.atfluctuatenotdoesresonanceincharge

thecaseballistictheIncoherence.implynotdoesitselfbypropagationbaseCollisionless

thermaltheofbecauseoutwashedisinterfacebase-emittertheatinjectedsignalmodulated

varianceatoleadingcarriers,injectedofvelocitiesnormaltheinspread δτ basetheirin

inwavesdensityofdampingLandauthetoanalogousisprocesslatterThetime.propagation

ballisticainregimecoherentThediffusion.tosimilareffectanhasandplasmascollisionless

whenarisestransistor δτ << τB andcollimatedaformelectronsinjectedthewheni.e.,,

ofpassagethefromresultsbeamasuchtoapproximationgoodAbeam.monoenergetic

Fortemperatures.lowatheterointerfaceabruptanacrosselectrons δτ << τB minority-the,

findsoneandbaseentiretheoverdecayappreciablynotdoeswavedensitycarrier

αB = e− ( δτω )2⁄2 e
− i ωτB . (20)

ofvariationfrequencycalculatedtheshows14aFigure β finiteawithHBTballisticin δτ itas

timepropagationbasethebynotlimitedisspeedtransistorTheensemble.thermalainarises

τB varianceitsbyratherbut δτ a(1993),LuryiandGrinbergbydetailindiscussedAs.

gaincurrentcommon-emitterthebothhavecantransistorcoherent h 21 powerunilateraltheand

gain U usualtheabovefarfrequenciesatunityexceeding f T carriedCalculations14b.Fig.cf.,

technology,ofrulesstate-of-the-arttheatimplementedheterostructures,exemplaryforout

THz.1abouttoextendedbecanbehaviortransistoractivethatindicate

temperatures.cryogenicrequiresoperationcoherentballisticthethathowever,clear,isIt

energykineticelectronthewidth,baseentiretheoverholdtotransportcollisionlessaFor ∆

base-emittertheindiscontinuityconduction-bandatocorrespondingenergy,injection(the

threshold,emissionphononopticaltheexceednotshouldjunction) ∆ <∼ h_ωopt othertheOn.

energyinjectionthecoherence,achievetohand, ∆ thermaltheexceedsubstantiallymust

needwewhencespread, h_ωopt >∼ ∆ >> kT transportbaseofimplementationthethatmeansThis.

liquidleastatrequiresHBTballisticaincoherence N2 ballistictheMoreover,temperatures.
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attestedbeevencannotconceptThefrequencies.ultra-hightolimitedisoperationcoherent

inresonancefirstthebecausefrequencies,lower U atonlyappears f π ∼∼ π f T = 1⁄2τB which,

ratecollisionthethanhigherbeevidentlymust 1⁄τm ofrelaxationmomentumthegoverning

energyatelectronsballistic ∆.

ultra-hightolimitednotis(whichcoherencetransportbaseachievingforideaAnother

bypaperfamousthetobacktracedbecantemperature)roomatworksalsoandfrequencies

suggestedanddiodestransit-timeofconcepttheintroducedhepaperthatIn(1954).Shockley

atdeviceactiveantoleadcanbasetransistoraacrosstransitminority-carrierindelaythethat

transportdirectedthethatisoccurtothisforconditionnecessaryAfrequencies.extended

modulatedaoutwashtotendsthattransport,diffusivethethanfastermuchbebasetheacross

metbecanconditionthisthatsuggested(1954)Shockleydistribution.injectedtheofstructure

aofbecauseHowever,base.theindopingvariableawithdiodedelayminority-carrierain

thedoping,gradedexponentiallyanwithavailablevariationpotentialtheofrangelimited

Shockley’sRecently,realized.beenneverhasitandmarginalisapproachthisoffeasibility

basealloygradedawithHBTofcontextthein1993)al.et(Luryireconsideredwasargument

andfeasibleisdevicessuchintransportbasetheofcoherencethatshownwasItcomposition.

microwaveroom-temperaturecalculatedtheshows15Figureapplications.usefultoleadmay

(1995,myselfandKastalskyA.bydesignedstructureHBTgraded-baseaofcharacteristics

capacitanceparasitictheinReductionGHz.94atgainpowermaximumtheforunpublished)

C Cx to C Cx <∼ 0.5 C C optimizedtransistor,coherenttheofdesignaggressivemorestillaenables

nearatoscillationstablefor 300 forapplicationattractiveAn1996).1994,(Luryi,GHz

antennaphasedsubmillimeterofimplementationthebewouldoscillatorstransistorultrafast

chip.siliconaonarrays

lasersinelectronsHot17.4

andelectronsofinjectiontoduemainlyariseslasersheterostructuredoubleinheatingCarrier

regionactivenarrow-gaptheintoholes " clifftheover " layers,claddingwide-gapthefrom
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theabovefarappreciablebecomeswhichheating,tocontributionAnother16.Fig.cf.

energyThecavity.lasertheinradiationcoherenttheofabsorptioncarrierfreeisthreshold,

carrierperinputpoweraveragethewith(6a)Eq.bydescribedisregionactivetheinbalance

bygivenapproximately

P =
2

α S h_Ω_______ +
2 n
J ∆____ , (21)

where J ≡ I ⁄eVA volumeunitperfluxelectrontheis VA layer,activetheof I pumpingthe

current, S layer,activetheindensityphotonthe Ω frequency,opticalthe ∆ energykineticthe

andregion,activetheintoinjectedcarrierper α > 0 isItrate.absorptioncarrierfreethe

thethatandradiationabsorbscarriersoftypeoneonlyeffectivelythat(21)Eq.inassumed

layer,activetheinsametheareholesandelectronsofdensities n = p 2.offactorthehence,

cite(1983)al.etHenrycoefficientabsorptionfree-carriertheFor α0 = cm25 − 1 at

p = 1018 cm − 3 and =λ 1.6 µm Our. α torelatedisabove α0 by α0 α= cp  where, c ≡ c ⁄κg theis

energyThelight.ofvelocitygroup ∆ offractionthee.g.,structure,lasertheondepends

thatsaycanwegeneralintunneling;byregionactivetheintogetthatcarriers ∆ <∼ ∆E G where,

∆E G claddingInPForlayers.activetheandcladdingthebetweendifferencebandgaptheis

(E G = 1.35 andeV) =λ 1.55 µm layer,active ∆E G = 0.55 eV.

with(4)formnondegenerateapproximatetheinenergyelectronaveragetheTaking

<v> = 0 (thresholdthenearoverheatingcarriertheestimatecanwe, S ∼∼ 0 , J ∼∼ n ⁄τsp):

k ( T e − T ) =
τsp

τε___
3
∆__ , (22)

where τsp Withprocesses).nonradiative(includingcarriersoflifetimetheis τsp ∼∼ 0.5 andns

τε ∼∼ 1 byoverheatingan(22)Eq.fromfindwe1992)al.et(Hallps (T e − T ) ∼∼ 4 K.

forestimatesexperimentalthatnotedbeshouldIt τε high-densityainbecausewidely,vary

ofdependencestrongaexpectcanoneplasmabipolar τε andconcentrationcarriertheon

semiconductorslong-wavelengthinmechanismenergy-lossdominanttheIndeed,temperature.

toleadstypicallyandphononsopticalpolarofemissionthetodueis τε < 1 atHowever,ps.
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concentrationscarrierhigh inespeciallyslower,muchbemayratescoolinghot-carrierthe

ofluminescencestudiedwhoworkersofnumberabyfoundbeenhasaswells,quantum

1989).al.etLobetanzer1988;al.et(Westlandscalepicosecondaoncarriersphoto-excited

ofemissionthermionicmeasuringby(1994b)al.etBelenkybyfoundwereresultsSimilar

timesrelaxationlonganomalouslyThewell.quantumafromcarriersheated τε substantially,

phononhotbyexplainedbecanemission,optical-phononoftimecharacteristictheexceeding

dophononsopticalvelocity,groupsmalltheofBecause1988).Perel,and(Kumekoveffects

carriers,freethebyre-absorbedbetolikelyareandlifetimetheirduringappreciablymovenot

thanhigher(typically,concentrationenoughhighahasplasmacarriertheprovided 1018 cm − 3).

thetermedsituation,thisIn bottleneckphononoptical carrierstheandgasphononopticalthe,

temperatureeffectivesamethebycharacterizedare T e coupledtheofrelaxationenergytheand

acousticintodecayphononopticalpolarofprocessthebydeterminedissystemcarrier-phonon

ofestimateaboveThephonons. 4 thresholdlasertheneartemperatureroomatoverheatingK

al.etTsaie.g.,(see,effectbottlenecktheincludethatcalculationstocomparedmodestratheris

importanthavemayoverheatingcarrierofamountsmallthisevenNevertheless,1993).

applications.forconsequences

transmissionopticalsubcarrier-multiplexedtheisapplicationssuchofexampleprimaryA

extremelyanwithlaserssourcerequiresystemsThesedistribution.TVcableforusedsystem

linear currentinputthebetweenrelationshipfunctional I (t ) intensitylightoutputand L (t ) As.

TVcablemultichannelbycarriedinformationtheallencodequantitiesthesetime,offunctions

distortionintermodulationsomeaboutbringsnonlinearityofamountsmallaEvennetworks.

aroundsignalsparasiticunwelcomeproduceMHz240and180atoperatingchannelsTV(e.g.,

cablefuturebutchannels,40aboutissystemscurrentincapacityChannelMHz).420and60

anforspecificationsLinearitychannels.ofnumberlargermuchcarrytoexpectedarenetworks

stringent.extremelybecomesystemchannel80-100

opticaltheofdependencethefromariseeffectshot-carrierofconsequencesunwelcomeThe

gain g formtheoftypicallyisdependenceThistemperature.carriertheon
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g ( T e , n , Ω ) = g 0 ( f e + f h − ,)1 (23)

where f e and f h energiesatrespectively,holes,andelectronsoffunctionsFermitheare

photonsincidentthebyselected h_Ω and g 0 becanlasertheofDynamicsconstant.ais

1995):Luryi,and(Gorfinkelequationsrateofsystemfollowingthebydescribed

dt
dn___ = J − Sg −

τsp

n___ ; (24a)

dt
dS___ Γ= S ( g α− n ) −

τph

S___ , (24b)

dt
dT e____ =

3
2__ P −

τε

T e − T_______ , (25)

where τph andcavitylasertheinphotonsoflifetimetheis P bygiveninputpowertheis

termsthefromoriginateeffectsNonlinear(21).Eq. g . S and S . n (24).Eqs.in

wouldlasertheofmodeopticalgivenaingaintheconstant,weretemperaturecarriertheIf

concentrationtheononlydepend n ofvaluethethresholdtheaboveSince. n is "pinned" ain

generation,stableofconditionthebyregimestatic g = lightoutputtheofdependencetheloss,

(power ∝ S currentpumpingtheon) J nonlinearSmallapproximation.goodatolinearis

deviatesconcentrationcarrierthewhenfrequencies,modulationhighatpossibleareeffects

so-calledthecontributeeffectsThesevalue.pinnedthefrom "intrinsic" al.et(Darciedistortion

asgoeslatterThe1985). (f ⁄f r)
2 where, (2π f r)

2 = S 0 gn
′ ⁄τph theoffrequencyresonanttheis

leveloutputsteady-stateaaroundoperatedlaser S 0 distortionintrinsicThebelow).32Eq.(cf.

withdecreases S 0 increasingHowever,currents.biashighsufficientlyatsmallbecomesand

heating.carrierwithassociatednonlinearities,additionalintroducesbiassteady-statethe

theofBecause T e longernoisconcentrationcarrierthreshold,abovevariation "pinned"

normallySinceregime.statictheineven gT
′ < 0 and gn

′ > 0 increasingthe, T e increasedwith

concentrationcarrierofincreaseanbyaccompaniediscurrentpumping n region.activethein

theofconsequenceadverseimportantAn T e outleakagecarriercurrent-dependentaisvariation

unwelcomeancontributesleakageThisheterostructure.laserinregionactivetheof

double-heterostructuredesignedproperlyinminimizedbecanItdistortion.intermodulation

1995).al.et(Belenkylasers
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arisingsystemsindistortionsnonlinearconsidered(1995)LuryiandGorfinkelRecently,

aretheysincestructure,laseranyinavoidedbecannotwhicheffectsheatingcarrierfrom

Thesesignals.electricalandopticalmodulatedtheofexistenceverythebyaboutbrought

(21)Eq.bydescribedareeffects – radiationcoherenttheofabsorptionfree-carrierthenamely,

turnsItcurrent.inputthewithassociatedlayer,activetheintofluxpowertheandcavitythein

80-anforlimittolerancetheapproachesdistortionintermodulationresultantthethatout

systemTVcablechannel – otherallifeven "parasitic" includingeliminated,arenonlinearities

limitationfundamentalapresenteffectscarrierhotThus,leakage.carriermentionedabovethe

television.cableonavailablechannelsofnumberthefor

powerthebyheatingcarrierwithassociatedislasersinnonlinearityfundamentalAnother

anofenergypotentialtheprocessestheseInprocesses.recombinationAugerinreleased

eventhatshowed(1995)LuryiandGorfinkelcarriers.freetotransferredispairelectron-hole

contributionitsabsorption,carrierfreetoduethattocomparabletypicallyispowerthisthough

modulationopticaltheinorderhigherofbeingnegligible,isdistortionintermodulationtheto

asgoesrecombinationAugerofrateThedepth. C A n 3 and(1993),DuttaandAgrawale.g.,see,

level.signaltheofindependentisitthresholdabovehence

longinroleimportantveryaplaymayprocessesrecombinationAugerbyheatingCarrier

theofvaluesmallatoduewhere,lasersQWsingleinespeciallysemiconductors,wavelength

factorconfinementoptical Γ highratherreachesthresholdlasingtheatconcentrationcarrierthe

exceedingmuchtypicallyvalues, 1012 cm − 2 currentinjectionhighAt. I atoleadmaythis,

isequationbalanceenergytheineffectthisofInclusionheating.carriersubstantial

termaaddingbyaccomplished ∼ C A n 2 E G temperaturecarrierincreasingThe(21).Eq.into

T e (I ) gainopticalthesuppresses g maximumaofappearancethetoleadmayand g max thein

dependence g (I ) current.pumpingtheongainof 9 exceedcavitylasertheinlossestotaltheIf

________________

(1992).LuryiS.andGorfinkelB.V.byworkunpublishedanfollowsdiscussionThis9.
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g max coefficientAugertheSincecurrent.pumpinganyatlasenotwillstructurethethen C A

someatlasingofdisappearancesharpaexpectcanonetemperature,thewithincreasesitself

nonmonotonicSimilartemperature.critical g (I ) resultswhichmaximum,awithdependence

increasingwithlasingofdisappearancesharpabyaccompaniedisandheatingelectronfrom

newtheofoperationtheinimportantistemperature, unipolar indiscussedbewillandlaser

constantaforthatNotesection.nextthe T e dependencethe g (I ) theIfmonotonic.alwaysis

exceednotdolosses g max negativethebutreached,becanregimegenerationlaserthethen,

ofslope g (I ) exceedingcurrentsforinstabilitiespeculiarinresultscharacteristic I cr ≡ I (g max) .

ofvaluesametheFor g indifferthatregimestwohavecanone n and T e mostand,

high-Thepower.radiationoutputtheinimportantly, T e highertocorrespondsregime n and

lower P pulsepowerfulsufficientlyabylasertheofIlluminationmetastable.isregimeThis.

theintolasertheswitchesandrecombinationAugerthesuppressestemporarilylightexternalof

highawithregimestable P.

lasers.cascadeQuantum17.4.1 unipolaronbasedlaser,mid-infrarednewaisQCLThe

firsttheSinceconfinement.quantumbycreatedlevelsenergybetweenelectronsoftransitions

athroughimprovedcontinuouslyhasdesignits1994),al.et(FaistQCLofdemonstration

theirinculminating1995a,b)al.et(FaistgroupLabsBellthebyinnovationselegantofseries

1996).al.et(Faistoperationroom-temperaturepowerhighaofreportrecent

schematicallyarestructuredevicetheandQCLtheintransportcarriertheofKinetics

eachandstructures)reportedin(25periodsmultiplehasdeviceThe17.Fig.inillustrated

operatingtheUnderladder.periodicthedowntransitionsofcascadeaperformselectron

thatorderinnecessaryisthislawGauss’bycharge:zeronethavemustperiodeachconditions,

chargespacetheavoidTostate.electrostaticotherseachreplicatecouldperiodssubsequent

fixedpositiveofreservoiraneedsthereforeoneflow,currentwithassociatedaccumulation,

asuchofIntroductionperiod.eachinchargemobilenegativethecompensatingcharge,

toledthatinnovationdesignkeytheisregionsuperlatticedopedaasimplementedreservoir,
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theentrusteddesignsQCLSubsequentlaser.unipolaraofimplementationsuccessfulthe

levelupperthefromtunnelingunwelcomethesuppresstomissionadditionalanwithreservoir

Braggelectronicanasimplementedissuperlatticethepurpose,thisForcontinuum.theinto

Thus,1995).al.et(Faiststateslevelupperofenergiesofrangetheinbandstopawithfilter

whilesubband,lowertheviaonlyleaveanduppertheviaonlyQWtheentercarriersmost

negligible.isreservoirtheintodirectlysubbandupperthefromleakage

isitthatsuggests1996)al.et(GorfinkeloperationQCLtheofanalysisTheoretical

powerthefromarisedistributionselectronNon-equilibriumeffects.hot-electrondominated

P ∼∼ J . h_Ω theinstoredenergyTheperiod.cascadeeachindissipatedarea,unitper transverse

freedomofdegrees thechangesfundamentallycarriers,ofmotionin-planetocorresponding,

theonDependinggain.ofcharacteristicsspectraltheandresonanceintersubbandoflineshape

variousamongdistributedisenergythishowofscenariosdifferentbemaytheredesign,laser

scenarioadvantageous)mostthenot(butsimplestThelattice.theintodissipatedandelectrons

tofastsufficientlyisinteractionelectron-electronthewhenconcentrations,carrierhighatarises

kineticthecase,thisInperiod.QCLaincarriersfreeallamongpowerinputtheequilibrate

temperatureeffectiveanbycharacterizedbecanelectronstwo-dimensionalofenergy T e which,

balancethefromfoundbecantemperatureThissubbands.bothinsamethemoreoveris

equation,

dt
k dT e______ = P −

τε

n D k (T e − T )____________ , (26)

where n D ∼ 1011 cm − 2 thestatesteadytheInperiod.perconcentrationdopingtheis

current:thetoproportionaldirectlyisoverheating k (T e − T ) = J τε h_ ⁄Ω n D .

equations:ratefollowingthefromfoundareQCLtheinconcentrationssubbandThe

∂t
∂n 2____ = J −

τ21

n 2___ − g S , (27a)

∂t
∂n 1____ =

τ21

n 2___ + g S −
τ out1

n 1_____ , (27b)

where J andfluxcurrenttheis S modelasingtheinareaunitperdensityphotontheis
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(frequency Ω L gainThe). g = c g (Ω L) ofunits(ingainintersubbandtheis sec− 1 lasingtheat)

wherefrequency, c = c ⁄ √κ∞ constantstimeThemode.lasingtheinlightofspeedtheis τ21

and τ out1 carrierandtransitionsintersubbandnonradiativeofratetherespectively,describe,

constants,theseofratioThesubband.bottomthefromremoval ξ 0 τ≡ out1 ⁄τ21 importantanis,

steadyainratiodensitycarrierthedeterminesitaslaser,intersubbandanofparameterdesign

threshold,belowstate n 1 ξ= 0 n 2 .

theofmodeloversimplifiedanconsidereffects,hot-electronofimportancetheillustrateTo

theneglectswhichQCL nonparabolicity theusecanonecasethisInband.conductionthein

5)Chap.1991,(Yariv,systemtwo-levelaofgaintheforexpressionwell-known

g ≡
h_ c √κ∞ γ0

4πe 2  z 12  2 Ω_____________
a

n 2 − n 1________ , (28)

where z 12 element,matrixtransitiontheis √κ∞ index,refractivethe a widthwellquantumthe

and h_γ0 highForlinewidth.spontaneoustheis T e linewidththetocontributiondominantthe

samethewithintransitionsmakingelectronsbyphononsopticofemissionthefromresults

thatassumethereforecanOnesubband. γ0 electrontheoftemperatureeffectivetheondepends

ensemble.

conditiongenerationtheFrom g α= Loss thebydescribedisthresholdthethatfindwe

forequationfollowing T e:

k ( T − T e )

h
_ γ0 (T e)___________ = R , (29)

where R constant,dimensionlessais

R =
h_ c √κ∞ a α Loss

4π e 2  z 12  2 Γ n D________________
τε

τ21 τ− out1_________ . (30)

linewidthintersubbandthethatassuming18,Fig.(29),Eq.tosolutiongraphicalaConsider γ0

andincreasinganis concave temperature.carriereffectivetheoffunction 10 thresholdThe

________________

thatindicateexperimentsphotoluminescenceIntersubband10. γ0 (T ) theoffunctionconcaveincreasinganis lattice
communication).privateFaist,(J.temperature
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lineaofintersectionfirstthebydeterminedistemperaturecarrier ( T e − T ) . R thewith

curveupwardconcave h_γ0 (T e) ofvaluetheonDepending. R temperature,ambienttheand

orallatsolutionsnohavemay(29)equation – ofvaluetheif R largesufficientlyis – two

givenaForsolutions. R temperaturelatticehighestthe T = T max isthresholdwhichat

islinethethatconditionthebydeterminedispossible, tangent aisthereFinally,curve.theto

ofvalueminimum R thatsuch T max > 0 If. R cantherethenvalue,minimumthisthanlessis

temperature.anyatlasingnobe

theofrelaxationtransversetheboththatconcludeweexamplequalitativethisFrom

physicalcorrecttheforindispensableareeffectshot-carriertheandresonanceintersubband

two-theQuantitatively,lasers.cascadequantumofbehaviortemperaturetheofunderstanding

experimentallyinfunctiongainintersubbandthedescribeadequatelynotdoes(28)modellevel

oneFirstly,two-fold.isreasonTheheterosystems.QCL1994-1996)al.et(Faistrealized

thanmorebyvaluegainpeakthesuppressesinclusionitsnonparabolicity:theneglectcannot

iswhichresonance,intersubbandofraterelaxationtheSecondly,magnitude.oforderan

electronondependentstronglyisprocesses,scatteringintrasubbandtransversetoduemainly

energy,kinetic γ=γ (E ) nature:thresholdahasscatteringphononopticalofratetheIndeed,.

when E > h_ωop intrasubbandofonsetthetoduemagnitudeoforderannearlybyincreasesit

frequencyopticalanatgainintersubbandtheforexpressiongeneralizedTheemission. Ω ofis

1996):al.et(Gelmontformthe

g (Ω) =
h_3 ca √κ∞

4e 2  z 12  2m 2 Ω_______________
0
∫
∞

[ Ω−Ω ε ] 2 + [ γ (ε ]) 2

d ε γ (ε [) f 2 (ε) − f 1 (ε1 ])_______________________ , (31)

where Ωε momentumelectronin-planetheforfrequencytransitionopticaltheis h_k = √2m 2 ε,

viz. h_Ωε ≡ h_Ω0 + ε2 − ε1 where, ε2 ≡ ε and ε1 = h_2k 2⁄2m 1 anduppertheinenergieskineticare

masseseffectivethebycharacterizedrespectively,subbands,lower m 2 and m 1 theand

functionsdistribution f 2 and f 1 functionThe. γ (ε) raterelaxationphasetransversethedescribes

inelastic.andelasticbothscattering,intrasubbandtodue
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temperatureelectrontheonrelynotdoes(31)Eq.thatstresstoworthwhileisIt

subband.eachwithindistributionsenergyelectrongeneralforvalidremainsandapproximation

(concentrationscarrierlowatarisesfactinsituationattractivemostThe n D << 1011 cm − 2 when)

commonaestablishtoenoughfastnotarecollisionselectron-electron T e twothebetween

electronlower-subbandtheregimethisinthat1996)al.et(GorfinkeloutturnsItsubbands.

abycharacterizedapproximatelybecandistribution "negative" nearstatesthatsotemperature,

unoccupied.mostlyarebottomsubbandthe 11 positiveachievetopossibleisitcasethisIn

inversionpopulationoverallanofabsencetheineventemperatureroomatgaintheofvalues

subbands.twothebetween

moderate,still(buthigherFor n D <∼ 1011 cm − 2 theconcentrations,) T e approximation

opticalregardtosemi-quantitatively)least(atpossiblestillisitbutapplicable,becomes

al.etGorfinkelrange,thisInmechanism.breakingphasedominanttheasscatteringphonon

lasingtheofdependencetheinmanifestedeffectelectronhotpeculiarapredict(1996)

wavelength λ whereregimeaincludingcurrent,pumptheon λ switches "digitally" between

becomesitasconsideration,specialarequireconcentrationshigherStillvalues.stabletwo

ofcalculationtheinscatteringelectron-electronincludeexplicitlytonecessary γ (ε) theAlso.

coolingelectrontheofdependencetheincludeshouldrangethisinequationbalanceenergy

Validitybottleneck.phononopticaltoduetemperatureeffectiveanddensitycarriertheonrate

theforresponsiblemechanismscatteringparticularanytorestrictednotisitself(31)Eq.of

relaxation.phasetransverse

lasers.Hot-electron17.4.2 dependencethetoDue g (T e) carriertheinvariations(23),Eq.,

(Rivlin,lasersemiconductoraofoutputopticaltheinchangesrapidproducecantemperature

and(GorfinkelobservationthefromstemeffectthisofapplicationsdevicePossible1985).

________________

Forsubband.entiretheoveruniformbecomesdistributionelectronthetemperaturespositivehighFor11. T e < 0
thatsaycanoneprobability;occupationsmallerhavingstatesenergylowertheinverted,isdistributionthe

thanhigheraretemperaturesnegative T e = ∞ ,
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modulatedindependentlyanbylaserthecontrollingthat1990)Filatov, T e higheraoffers

modulationthegeneral,Incontrol.currentpumpconventinalthethanbandwidthmodulation

lasersemiconductoraofresponse R J (ω) δ≡ S ⁄δJ constanta(at T e bybandwidthinlimitedis)

toDueresonance).phononelectron(thesystemlasernonlineartheinresonanceintrinsican

responsetheeffect,this R J frequencyresonancethenearmaximumareaches ωr where

ωr
2 =

τph

S 0 gn
′

______ , (32)

asi.e.dB/dec,20bydecreasesthenand 1⁄ω2 forfunctionresponseanalogousThe. T e

modulation R T (ω) δ≡ S ⁄δT e constanta(at J asonlyfrequencieshighatoffrolls) 1⁄ω byi.e.,

small-signalabydemonstratedbecanresultThis1991).al.et(GorfinkeldB/decade10

bothtaking(24)equationrateofanalysis J and P parameters.variedexternallyas

suggestionoriginalTheways.ofvarietyainaccomplishedbecanheatingelectronRapid

carrier-heatingawithstructurelaserterminalfouraemploytowas(1991)al.etGorfinkelby

ofmodulationHigh-frequencylayer.activethethroughlaterallydrivencurrent T e severalby

includeproposalsOther1991).al.et(Bagaevastructureasuchindemonstratedwasdegrees

et(Nodawellsquantuminabsorptionintersubbandbysystemelectronicthetodeliverypower

transistor-likeaininjectionhot-electronverticalabyand1992)Luryi,andGorfinkel1990;al.

1995).Mastrapasqua,and(Tolstikhinheterostructure

thehaspumpingconstantaatheatingcarrierviapoweroutputlasertheofModulation

liesapplicationsforpotentialhigherStillmodulation.ofbandwidthhigherofferingofpotential

aofpossibilitythein synchronous thebothofcontrol T e (Gorfinkelcurrentpumpingtheand

aprincipleinpermitsmodulation,dualthecalledtechnique,This1994).1993,Luryi,and

light-currenttheoflinearizationandoscillationselectron-photonofeliminationcomplete

viagainofcontrolindependentanwithIndeed,band.frequencywideaincharacteristics T e

constantofconditiontheimposecanone n bothaseven J and S Settingvary. dn ⁄dt = 0 in

findwe(24).Eqs.
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0 = J − J th − gS ; (33a)

dt
dS___ Γ= ( J − J th ) τ− ph

− 1 S , (33b)

where J th ≡ n th
2 ⁄τsp and n th ofsaketheForthreshold.aboveconcentrationcarrierpinnedtheis

aestablishes(33b)Equationterm.absorptioncarrierfreetheneglectedhavewesimplicity,

linear functionsthebetweenrelationship S (t ) and J (t ) :

S Γ== e
− t ⁄τ

ph

0
∫
t

[ J (t′ ) − J th e]
t ⁄τ′

ph dt′ . (34)

ofvariationsimultaneousaofhelpthewith(33a)Eq.satisfymustweholdtopropertythisFor

T e viz.,

g [ T e (t ,) n th ] =
S (t )

J (t ) − J th_________ . (35)

dependencetimethefor(35)Eq.solvedHaving T e (t ) heatingrequiredthedeterminecanwe,

theofLinearity(25).Eq.fromsignalpower S [ J (t ]) opticalforvaluegreatofisrelationship

systems.communication

(24):Eqs.linearizingbydonebecanmodulationdualofanalysissignalSmall

J (t ) = J 0 δ+ J e i ωt ; (36a)

g (t ) = g 0 δ+ g e i ωt , (36b)

where δg = gn
′ δn + gT

′ δT e conditiontheUnder. dn ⁄dt = 0 responsefollowingthefindwe

function:

δS =
g 0 (1 + i ωτph)

δJ_____________ , (37a)

inputsdualthebetweenrelationrequiredthewhile δg and δJ formtheofis

δg ≡ gT
′ δT e =

1 + i ωτph

i ωτph_________
S 0

δJ___ . (37b)

thethatremarkWe " conditiontarget " forfrequency-independentpracticallyis(37b) ωτph > 1

toproportionalinverselyisinputmodulationdualrequiredtheofmagnitudethethatand S 0 .

theandsystemtheinresonanceelectron-photonnoistherethenfulfilled,isrelationthisWhen

asfrequencywithdecaysefficiencymodulation 1⁄ω outputlasertheofresponseSmall-signal.
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current,pumpingthebypurely(1)modulation:oftypesthreefor19Fig.inplottedispower

(37b).Eq.inascombinationcoherenttheirby(3)andtemperature,electronthebypurely(2)

repetitionhighapossiblemakesdensitycarriertheofoscillationsrelaxationofSuppression

atoresponselaserCalculatedpulses.shortwithinformationofcodingrate 10 ofseriesGb/s

comparedundistortedpracticallyis1993)Luryi,and(Gorfinkelpulsescurrent-temperaturedual

pulsessmall-signalthatclearisItsituation.pulsesingletheto δJ of any aswellasshape,

constantofregimeaintransmittedbecansignals,analog n Fouriercansystemtheprovided,

analyze δJ (t ) pulsecomplementaryappropriateantimerealinformand δ T e (t ) dualThe.

ofvariationthetolimitednotismethodmodulation T e systemtheofparameterstheofAny.

variedbemaylifetime,photontheandgainmodaltheassuch(24),equationsrateof

externally.

modulatingbylaserinjectionsemiconductortheofControl T e ofwayonlythenotis

hotofapplicationlaseradvancedmorefaraistherefact,Inlasers.inelectronshotutilizing

electrons. Injectionless onbasedlasersinfraredfar holehot beenhavegermaniumineffects

ago.yearsseveraldemonstrated 12 arisesholeshotofinversionthepopulation,devicestheseIn

andelectricalcrossedinholeslightandheavyofbehaviordynamicaldifferentverythetodue

chapter.thisofscopeofoutbewouldeffectstheseofDiscussionfields.magnetic 13

Conclusion17.5

semiconductors.inelectronshotofapplicationsdevicepossibleofnumberareviewedhaveWe

anddevicesballisticthegroups,twointoclassifiedweredeviceshot-electronofclasswideThe

(quasi-thermalthe T e essentiallyensemblehot-electronaoftypetheondependingdevices,)

forpromisingmoreappearsgroupquasi-thermalthetime,thisAtoperation.theirinemployed

toeasierisensembleelectronicnonequilibriumcorrespondingthebecauseonlyifapplications,

________________

toaswellas(1987)Andronovbyreviewearlyantoreferredisreaderthediscussion,introductoryanFor13.
lasers,semiconductorfar-infraredonissuespecialtheinpapersseveral Electron.QuantumOpt. 23 2No.,

(1991).
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operatedeviceselectronicmodernIndeed,fashion.reproducibleandrobustainmaintain

exceedingregionactivetheincarriersofconcentrationthewithtypically 1017 cm − 3 thisIn.

andscatteringothermostdominatingfast,veryisinteractionelectron-electronthecase,

temperatureeffectivedefinedwellamaintainingandpropertiestransport T e.
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