
----
Semiconductors2DinInstabilitiesandResistanceDifferentialNegative

VickersJ.A.andRidley,K.B.Balkan,N.byed.
[Physics]SeriesASINATO 307B 1993)York(NewPressPlenum53-82,pp.,

TRANSFERSPACEREALONBASEDDEVICESLOGICEMITTINGLIGHT
HETEROSTRUCTURESInGaAs/InAlAsCOMPLEMENTARYIN

MastrapasquaMarcoandLuryiSerge

LaboratoriesBellAT&T
07974NJHill,Murray

ABSTRACT

deviceslogiclight-emittingnovelofimplementationtheandprinciplethediscussWe
conductingcomplementarybetweenelectronshotof(RST)transferreal-spacetheonbased

dopedisemitter,thelayers,theseofOnelayers. n forcontactsmoreortwohasand-type
aintoinjectedareelectronsfield,thisbyHeatedfield.electriclateraltheapplying

complementary p iscurrentinjectionTheindependently.contactedlayer,collector-type
transferredtheofrecombinationthefromarisingsignalluminescenceabyaccompanied

region.activecollectordesignedspeciallyainelectrons
functionalimplementtooneenablesRSTbyinjectionchargeofsymmetrypeculiarThe

theingateORexclusiveanasactscontactsemittertwowithstructuresimplestThegates.logic
Thevoltages.inputtheonlightoutputtheandcurrentcollectorthebothofdependence

electricallyisandNANDandORasfunctionssuchperformsdevicemultiterminal
atdemonstratedareoperationslogicpowerfulThesefunctions.thesebetweenreprogrammable

temperature.room
transistors.RSTofpropertiessymmetrytheofstudiestheoreticalrecentreviewalsoWe

varietyarevealsimulation,devicetransientandmodelingcontinuationonbasedstudies,These
ofnoveltystrikingaandinstabilitiesof multiply-connected RSTAcharacteristics.current-voltage

theinoccursinjectionhot-electronwhichinstatessteadyanomaloussupportcantransistor
reflectionthebreakstatestheseofSomeelectrodes.emitterthebetweenvoltageanyofabsence

electronthestates,anomaloustheInmidpoint.atchannelthetonormalplanetheinsymmetry
hot-electronofformationTheelectrode.collectorthefromfieldfringingatodueisheating

state.collector-controlledasuchtotransitionarepresentstransferreal-spaceindomains

INTRODUCTION1.

newofdevelopmenttheisresearchmicroelectronicstheindirectionimportantAn
devicesfunctional anrequirenormallywouldthattaskslogicperformcanwhich,

offers(CHINT)transistorinjectionchargeThetransistors.severalofassembly
context.thisinopportunitiesinteresting 1 devicesofclassatorefersconceptCHINTThe

principletheonbased 2,3 betweenelectronshotof(RST)transferreal-spaceof
thisemployingdevicesfunctionalSeverallayers.conductingcontactedindependently

literature.theindiscussedbeenhaveprinciple 4−8

conductingtheofOne1a.Fig.inillustratedisstructureCHINTgenericThe
voltageheatingthewithcathode,hot-electronaofroletheplaysemitter,thelayers,

contactsthetoapplied S and D separatediscollector,thelayer,conductingotherThe.
theofincreasetheinitselfmanifestseffectRSTThebarrier.heterostructureaby

currentcollector I C biascollectorpositiveconstantaat V C highsufficientlyawhen,
biasheating V DS applied.is

isdiscussion,presentourforessentialtransistors,RSTofpropertyfundamentalA
the equivalencesymmetry 9,10 statesinternalthebetween S [V D , V C] atdevicetheof

configurations:biasexternaldifferent

S [ V D , V C ] →← S [ − V D (, V C − V D ]) . (1)
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thetonormalplanetheinsymmetryreflectionthefromfollowscorrespondenceThis
similaraAlthoughmiddle.theinchannelthecutswhichdirectionsource-drain

statesinternalbetweenexistsrelation S [ V D , V G ] anistheretransistor,field-effectain
theandterminaloutputtheiscollectorCHINTthethatindifferenceimportant
anunderinvariantiscurrentoutputthethatimplies(1)Eq.byexpressedsymmetry

voltagesinputtheofinterchange V S and V D exclusive-ORanexhibitsdevicetheThus.
(xor logicbinaryasregardedvoltages,inputtheoncurrentcollectortheofdependence)
signals.

threewithdeviceRSTainobtainedisfunctionalitylogicpowerfulmoreEven
terminals.input 6 cyclicahasgate,ORNANDtheastorefershallwewhichdevice,This

tocorresponds1c)(Fig.tabletruthIts1b.Fig.symmetry,3-fold ornand ({Vj})
= or (V1, V2) when V3 andlow,is ornand ({Vj}) = nand (V1, V2) when V3 high.is

V2

V3

V1

(b)

I C 1    1    1    01    0    1    1

V2 1    0    0    11    0    0    1

V1 0    0    1    10    0    1    1

V3 0 1
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or nandfunction
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(c)
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1Fig. principletransistorinjectionCharge:

logic.RSTtheand
CHINT.aofdiagramSchematic(a)

fieldthebyheatedelectrons,Emitter
electrodesbetweenapplied S andand D ,

aslayer,collectortheintoRSTundergo
arrow.thebyindicated

terminalsInputgate.logicORNAND(b)
symmetrycyclic3-foldawitharranged
3-1.and2-3,1-2,channelsthreedefine

oftableTruth(c) I C (V1, V2, V3 RSTThe).
iscurrent ffo whenstatestwoin

V1 = V2 = V3 and on sixotherthein
everysymmetry,Bystates. on hasstate

samethe I C.

logicinjectionchargeofinventionThe 6 symmetrytheonattentionfocusedhas
theonbasedbetolikelyareapplicationspotentialTheirtransistors.RSTofproperties

symmetrysameThepolarity.fieldheatingthetorespectwithsymmetrypeculiar
theofanalysistheinupshows instabilities andinjectionhot-electronthewithassociated

discoveryrecentunexpectedAntransistors.RSTinformationdomainthe 9 theis
atstatesanomalousofnumberaofexistence V D = 0 onlynotarewhichofsome,

alsobutstationary stable thestates,theseInperturbations.smalltorespectwith
theofBecauseelectrode.collectorthefromfieldfringingthetodueisheatingelectron

atstates(1),relation V D = 0 theinreflectionstorespectwithsymmetricbeeithermust
theoreticalBypartners.broken-symmetrypossessorchanneltonormalmidplane

foundbeenhasitoperationCHINTtheofmodeling 9 possessesdevicethethat
complicatedintrinsically – multiply-connectedoften – IV ofApplicationcharacteristics.
highsufficientlya V D fixedaat V C > 0 thebyaccompaniedtransition,switchingaforces

finitethewhenformdomainsthePhysically,domain.electronhotaofformation
atoelectronsofratesupply " spothot " Thespot.thatfromfluxRSTthebyexceededis

(fieldfringingtheunscreendomainsdepleted "normally" electrons)channelbyscreened
controlled.collectorbecomesRSTtheand

involveddeviceslogicrelatedandCHINTonworktheofallrecently,Until
thewithheterostructures conductivityoftypesame theandchannelemitterthebothin

reviewThecollector. 10 real-spaceunipolaronreferencesgeneralofnumberacites
discussedusofoneRecently,transistors.transfer 11 ofRSTtheusingofpossibilitythe

aintocarriers complementary devicesemittinglightimplementtolayercollector
progressSignificantinput.electricaltorespectwithfunctionalitylogicawithendowed

firstTheyear.lasttheduringlaboratoriesourinmadebeenhasprogramthisin
andheterostructureInGaAs/InAlAsainimplementedwasCHINTcomplementary
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thedemonstrated xor operation.12,13 wasgateORNANDmultiterminaltheSubsequently,
implemented,14 thedemonstrating or and nand functions – andlightoutputtheinboth

currentcollectorthe – functions.thesebetweenswitchingelectricaltheaswellas
contributions.recentthereviewsworkpresentThe 12− 9,14 structuresepitaxialThe

Electricalsection.nexttheindiscussedaresequencefabricationtheandused
their3,Sect.indescribedarestructuresCHINTcomplementarytheofcharacterization

theofResults5.Sect.inoperationlogictheand4,Sect.incharacterizationoptical
simulationnumerical 9 1a)(Fig.structureCHINTsimplesttheintransporthot-electronof

7.Sect.insummarizedareconclusionsOur6.Sect.inreviewedare

STRUCTURES2.

discussedstructuresdevicelogictheofcross-sectionsschematicshow2Figures
2b.Fig.ingateORNANDand2aFig.inillustratedisgateXORtheofStructurebelow.

The In0.53Ga0.47As/In0.52Al0.48As beammolecularbygrownbeenhaveheterostructures
usedfirstscheme,contactepitaxialtheonbasedisdesignThesubstrate.InPonepitaxy

al.etMenszbyCHINToffabricationthein 15 islengthchannelthescheme,thisIn
theinetchedtrenchabydefined n + (layercap a theofportionsremainingthewhile),

Themetal.drainandsourcethetocontactsohmicmakelayercap A25 ˚ (layerInAlAs b )
layercaptheofetchingselectivetheinstopetchanasusedis 16 includingpatterns,All

lithography.contactopticalstandardbydefinedweretrenches,the
1b,Fig.ofarrangementelectrodetriangulartheofinsteadgate,ORNANDtheIn

electrodesfourwithobtainedissymmetrycyclicrequiredthe 3,3,2,1 ˜ – which,oftwo
3and3 ˜ (identicallogicallybeing, V 3̃ ≡ V3 split.physicallythough)
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2aFig. firsttheofsectionCross:
injectionchargecomplementary

transistor.12,13 channelemitterThe
inetchedtrenchthebydefinedlength,

layercapthe (a ) is, L CH = 3 µ theandm
width W = 50 µm.

2bFig. gate.ORNANDThe: 14 ofEach
trenchesbydefinedchannels,threethe

layercapthein (a ) lengthhas,
L CH = 1 µ widthandm W = 40 µm.

thefromresultssymmetryCyclic
conditionboundaryperiodic V 3̃ ≡ V3 .

therebutsimilar,generallyare2band2aFigs.inshownstructures,epitaxialThe
aongrownisstructureORNANDThedifferences.noteworthyseveralare p -type
parasiticthereducetolayercontactcollectordopedheavilymoreausesandsubstrate

dopedheavilymorealsoischannelemitterThecircuit.collectortheinresistanceseries
aensureandpotentialsurfacethebydepletioncompleteitsavoidto "normally-on"

positiveaofabsencetheinevenconductswhichchannel, V C.
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ain2a)(Fig.deviceXORtheofdiagramenergy-bandschematicashows3Figure
structureORNANDthefordiagramscorrespondingThetrench.theundercross-section
depletednotischannelemitterthethatbeingdifferencemainthesimilar,quiteare

("normally-on" indeviceXORourIndoping.heaviertodueequilibrium,in)
theandpotentialsurfacethebydepletedentirelyischannelthe3a,Fig.equilibrium, pn

ainducetovoltagecollectorpositivearequiresconductionchannelthethatsojunction,
theInbarrier.thewithinterfacetheatgaselectrontwo-dimensional "flat-band"

biascollectorthe3b,Fig.inillustratedcondition, V C = V FB ∼∼ 0.6 thetocorrespondseV
betweendifferencework-function n andchannelthein-InGaAs p thein-InGaAs

the3c,Fig.regime,operatingtheIncollector. pn theandbiasedforwardisjunction
thewithinterfacestwotheatdiscontinuitiesbandthetodueiscurrenttoobstaclemain

InGaAs/InAlAstheindiscontinuitybandvalencetheasInasmuchbarrier.InAlAs
discontinuitybandconductionthethansmallerisheterosystem 17 ( ∆E V = 0.20 eV

< ∆E C = 0.50 bewillcurrentcollectortheRST,ofabsencetheinthat,expectcanweeV)
holes.bydominated

EC

EVEF

(a)

VFB

(b)

VC hν

(c)

RST

3Fig. indiagramenergy-bandSchematic:
theoftrenchtheundercross-sectiona

2a.Fig.ofCHINTcomplementary
theandcollectorTheEquilibrium.(a)

aformlayersemitter-channel pn junction,
Thebarrier.wide-gapabyseparated

surfacethebydepletedischannel
potential.

flat-bandThecondition.Flat-band(b)
voltage V C = V FB becauseundeterminedis

potential.surfacetheinuncertaintyanof
cross-ainvoltageflat-bandcalculatedThe

iscontactstheundersection V FB = V.0.63
chargechannelTheregime.Operating(c)

theWhenfield.collectorthebyinducedis
thealongappliedisfieldelectricheating

hot-electronabecomeslatterthechannel,
electronstransferredReal-spaceemitter.

theinholeswithrecombineradiatively
collector.theofregionactive

biasdrain-to-sourceabygeneratedisheatingElectron V DS transferreal-spaceThe.
currentcollectorincreasingtheinitselfmanifests I C abyaccompaniedisitusual,As.
currentdraintheinresistancedifferentialnegative I D structures,complementaryourIn.

abyaccompaniedisinjectionRSTthe 1.6 µ thefromarisingsignal,luminescencem
region.activecollectorInGaAstheinholeswithelectronsinjectedtheofrecombination
confinespatiallytoiscollectortheinlayerInAlAswide-gaptheofpurposeThe

low-resistanceaprovidetotime,sametheatand,barriertheoverinjectedelectrons
isConfinementimportant.veryarerequirementsBothcurrent.collectortheforpath

wouldelectronsinjectedtheofmost(otherwiseefficiencyradiativethefornecessary
isresistancecollectorlowandrecombination)topriorcontactcollectorthereach

severelyotherwisewouldwhicheffect,back-gatingspuriousaminimizetonecessary
leveldopingtheIfcurrent.RSTavailablethelimit N A isbarrierconfiningthein

resistancelowaofrequirementsthebetweenstruckbemustbalanceathenuniform,
higherby(minimized N A thebetweeninterfacetheatvelocityrecombinationlowaand)

lowerby(minimizedlayersconfinementandactive N A well-knownsolution,betterA).
confinementtheofmostdopeheavilytoislasers,heterostructuredesigningofartthein

Thisregion.activetheadjacentimmediatelysublayerlow-dopedthinaleavebutlayer
recentmoreourofdesigntheinoptimized)meansnoby(thoughusedwasapproach

2b.Fig.structure,
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CharacterizationElectrical3.

ofthosefromdifferentquiteareCHINTcomplementaryaofpropertiesElectrical
devices.unipolar 4,10 andcollectorthethatfacttheinrootedaredifferencestheofMost

aformemitterthe pn deviceThebetween.inbarrierwide-gapawithjunction
theofbiasforwardatocorrespondsregimeoperating pn relymustwehencejunction,

Incurrent.leakageunwelcometheblocktodiscontinuitiesband-gaptheonexclusively
whichcurrentcollectortheofpartthatleakagetheastorefershallwefollowswhat

temperatureelectrontheofindependentlyflows T e theinfieldlateralthebycontrolled
theofpartimportantanismechanismleakagetheofIdentificationchannel.emitter

characterization.device

CurrentLeakage3.1

achoosingbysuppressedstronglybecanleakagethetransistor,RSTunipolaraIn
beenhaveresultsExcellentdiscontinuity.bandconductionlargeawithheterostructure

obtained16 haswhichsystemInGaAs/InAlAsthein ∆E C = 0.50 complementaryaIneV.
emittertheintocollectorthefromholesoffluxtheaboutworrytohaveweCHINT,

channel.
2Fig.theofcharacteristicscurrentleakagecollectortheshow5aand4Figures

ofvaluesmeasuredThegrounded.contactsemitterallwithdevices I C plottedare
biascollectortheagainst V C temperatures,highAttemperatures.differentfor

T >∼ 200 modelthermionictheobeyscurrentthebiaslowrelativelyandK,

I C = I C
SAT e

qVC⁄ kTn , (2a)

I C
SAT = AS ∗T 2 e Φ⁄− kT , (2b)

where n factor,idealitydiodetheis I C
SAT current,saturationthe S emittertotaltheis

contacts,includingarea Φ holethebetween(separationbiaszeroatheightbarriertheis
channeltheatbarriertheinedgebandvalencetheandcollectortheinlevelFermi

andinterface), A∗ theofslopestheFromconstant.Richardsoneffectivethe I C (V C)
determinewe5aand4Figs.inlinesdashedthebyindicatedbias,lowatcurves n ∼∼ 1.4 .

toExtrapolating V C = 0 determinewe, I C
SAT thetofittedbeindeedcanitthatfindand

(2b).form
ofplotsArrheniustheshow5bFig.and4Fig.toinsetThe I C

SAT ⁄T 2 versus T − 1 in
giveplotstheseofslopesTherange.high-temperaturethe =Φ 0.90 indevicetheforeV

and2aFig. =Φ 0.84 reasonableinarevaluesThese2b.Fig.device,ORNANDtheforeV
valuescalculatedwithagreement Φh theirtorelativeholesforheightbarriertheof

gapsenergyroom-temperaturetheonbasedcollector,theinlevelFermi
E G

In
0.53

Ga
0.47

As
= 0.75 eV, E G

In
0.52

Al
0.48

As
= 1.45 discontinuitiesbandtheeV, ∆ E C = 0.50 eV,

∆ E V = 0.20 2aFigs.indevicestheforvaluescalculatedThelevels.dopinggivenandeV,
respectively,are,2band Φh = 0.89 andeV Φh = 0.92 thewithcontrastedbetoisThiseV.

electrons,emitterforheightsbarrierzero-biasestimated Φe = 1.10 andeV Φe = 1.13 eV,
ofvaluescalculatedandmeasuredthebetweendiscrepancyslightTherespectively. Φh

dopingactualtheofdeviationminorabyexplainedbemaydevicemultiterminalthein
effects.tunnelingthermally-assistedbyperhapsornominalfromlevels

conditionflat-bandtheexceedingbiases,collectorhigherAt V C > V FB oftopthe,
aofregimeoperatingtheisThisinterface.collectortheatisholesforbarrierthe

withcurrentcollectortheofincreaseFurtherCHINT.complementary V C occurs
also,andlevel)Fermithe(increasingholesofaccumulationtheofbecauseprimarily

barrier.effectivethelowerswhichtunnelingholeofroleincreasingtheofbecause
when(2)Eq.fromdepartscurveleakagetheHence V C > V FB fromevidentisAs.

ofslopetheregimeoperatingthein5a,and4Figs. log I C (V C) Atgentle.relativelyis
temperatures,low T <∼ 150 dominanttheisholesoftunnelingassistedthermallyK,

mechanism.leakage
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4Fig. ofcharacteristicsdiodeCollector:
temperatures.differentatdevice2aFig.the

togetherconnectedaredrainandSource
theindicatelinesDashedgrounded.and

ofextrapolationlinear I C forwardzeroto
linesdashedtheofinterceptsThebias.

defineaxisordinatethewith I C
SAT Inset.

ofplotArrheniusanshows I C
SAT ⁄T 2 The.

energyactivationmeasured =Φ eV0.90
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5Fig. severalat2b)(Fig.deviceORNANDtheofcharacteristicscurrentleakageCollector:
Curvestemperatures. I C (V C grounded.electrodesemitterfourallwithmeasuredwere)
collector-emitterForward-biased pn tocorrespondsjunction V C > undercurrentleakageThe.0

representcurvesplottedtheandpolarityoppositeofisbiasreverse  I C  (a)inlinesDashed.
logofextrapolationlinearaindicate I C theof(b)plotArrheniustheFrombias.forwardzeroto

valueextrapolated I C
SAT ⁄T 2 relativeheightbarriercalculatedTheeV.0.84isenergyactivationthe

islevelFermiholetheto Φh = assumingeV,0.92 E F
e −= and(degenerate)meV21 E F

h = meV82
levels.dopinggiventhefromestimated

CharacteristicsTransistor3.2

injectionchargeaofcharacteristicscurrent-voltagepresentingofwayusualThe
offamilytheplottoistransistor I C (V D) and I D (V D) ofvaluesconstantatcurves V C.

atCHINTcomplementarytheofcharacteristicssuchshow6(a)-(c)Figures T = 290 K,
T = 235 andK, T = 100 lowTheK. V D ainthattosimilarischaracteristicstheofpart
"normally-off" gate.aofroletheplayingcollectorthewith(FET),transistorfield-effect

fixedaAt V C voltageheatingtheincreasingand V D (firstcurrentchannelthe, V D <∼ 0.5 V)
valuesaturationThesaturation.fortendencyawithsublinearlythenlinearly,increases

withincreasescurrenttheof V C highisvoltageheatingtheWhenFET.ainwoulditas,
differentialnegativeashowscurrentdraintheRST,significantaestablishtoenough

itwheretemperatures,loweratenhancediseffectNDRThe(NDR).resistance
indropabruptanbyitselfmanifests I D rapidlycurrentcollectortheSimultaneously,.

value.leakageitsfromincreases
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6Fig. atcharacteristicsCurrent-voltage:
biasescollectorandtemperaturesdifferent

V C currentDrain. I D thebyshownis
currentcollectorandlinesdashed I C theby

theshowlinesdottedThelines.solid
ofbehaviorleakageexpected I C thein

The4.Fig.fromcalculatedRST,ofabsence
calculatedisratioon/offcurrentcollector

valuemaximum(relative)thedividingby
of I C thebeforevalueminimumitsby

transfer.real-spaceofonset
(a) T = (b)K;290 T = (c)K;235 T = K.100

inincreasethethatNote I C diminishingforcompensatefullynotdoes I D which,
becanbehaviorThisdecreases.alsocurrentsourcethethatlaw,Kirchhoff’sbymeans,

field.collectortheofeffectbackgatingthetoduebothmechanisms,twobyexplained
dynamicallychargethetodueisintrinsic,termedbemightwhichmechanism,firstThe

collector.thetowardtransitinlayerbarriertheinstored 4 chargedynamicnegativeThe
emittertheinconcentrationelectronthereducesandfieldcollectorthescreenspartially
currentcollectortheoffeedbacknegativeatodueismechanismsecondThechannel.

RSTtheWhenpath.collectortheinresistanceseriesparasiticaofpresencethein
collectorthereducesresistanceseriesthatondropvoltagetheflow,tobeginscurrent

theloweringeffectivelypotential, V C sourcethedecreasinginresulteffectsBoth.
mayresistanceseriesthealloyed,properlynotiscontactcollectortheWhencurrent.

theofmostforaccountmayeffectspace-chargedynamicthedeviceourIndominate.†
estimates.simplebyascertainedbecanascurrent,sourcetheindecrease 4 Nevertheless,

(resistanceseriescollectorresiduala R C <∼ k0.5 Ω at 290 lowerathigherbutK
withoutstructure;ourinpresentbetolikelyisbelow)seetemperatures, R C itfindwe

highatcharacteristicstheinfeaturescertainunderstandtohard V D higherstilland V C.
maximumwell-definedashowscurrentcollectorthe6,Figs.fromseenasIndeed,

offunctionaas V D electroluminescencethebytrackedfaithfullyisbehaviorThis.
awithassociatedismaximumthethatindicates4,Sect.indiscussedaswhich,signal,

highatcurrentRSTelectrontheofdecrease V D aofexistencethethatbelieve,We.
ofdecreasetheandcurrentcollectortheinpeak I C higherat V D thetorelatedis

theofpotentialtheinincrease " spothot " wherechanneltheinregionhigh-fieldthe(i.e.

________________

Thiscurrent.RSTlittlerelativelyaaccompanyingNDRgiantashowusuallystructuresSuch†
contact.alloyedtheannealinguponawaygoesanomaly
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atbarriertheinfieldtheofReversalcollector.thetorelativeoccurs)RSTtheofmost
inpeakNoRST.thesuppressesexponentiallyspothotthe I C whenobservedis V D is

increased simultaneously tocorrespondswhichvoltage,collectortheincreasingwith
fixedatvoltagesourcethevarying V D and V C naturallyspothottheatreversalField.

lowerat6Fig.indataourexplains V C ≤ 2.5 6cFig.ofexaminationcloseaHowever,V.
ofvalueshigherfordirectlyworknotdoesitthatshows V C forThus,. V C = 3.5 V the,

nearoccursmaximum V D = 1.7 wouldthisresistance,collectoraofabsencetheInV.
reversalfieldnoandregimeoperatingtheinischannelemitterentirethethatsuggest

seriesaassumetosufficientisitmeet,endsthemakeTospot.hottheatplacetakes
resistance R C ∼∼ k1 Ω temperatures.lowatcircuitcollectorthein

thedisentangletonecessaryalsoisresistancesseriesparasitictheofConsideration
radiativeinternaltheestimatingforimportantiswhichleakage,carriercoldfromRST

higher-temperaturetheIn4).Sect.(seetemperatureshigheratespeciallyefficiency,
theofonsetthetopriordecreasetoseeniscurrentcollectorthe6b,and6aFig.plots,

collector-to-draindecreasingwithcurrentleakagediminishingthetodueisThisRST.
the6cFig.ofscaletheonbuttemperatures,lowatoccursbehaviorsameThebias.

ittemperatures,higheratcurrentRSTtheestimatetoorderInresolved.notisleakage
current.collectormeasuredthefromcontributionleakagethesubtracttonecessaryis

thatfromleakagethebands,flatnearisregiondraintheinjunctionthewhenIdeally,
factorabyroughlydiminishmustleakageoveralltheandoffshuteffectivelyisregion

somewhatresistancesparasitictheofinclusionbelow,discussedasHowever,2.of
analysis.thecomplicates

current:collectorthetocontributionstwobetweendistinguishtolikewouldWe

I C = I C
LKG + I C

RST , (3)

where I C
RST andelectronshotofcurrenttransferreal-spacetheis I C

LKG collectortheis
configurationvoltagegivenaatflowwouldwhichcurrenttheasdefinedleakage,

( V C , V D Bothabsent.werephenomenonheatingelectrontheif) I C
LKG and I C

RST depend
voltagestheon V C and V D usewecomponent,leakagetheofbehaviortheestimateTo.

therepresentssymbolFETThe7a.Fig.inshowncircuit,equivalentapproximatean
"intrinsic" thetoareathisofcontributiontrench;theunderdevicetheofportion

thetocorrespondsymbolsdiodeThenegligible.assumediscurrentleakage pn
ourthatherenotedbeshould(itareascontactdrainandsourcetheinjunctions "diode"

conventionalanotis pn theseparatingbarrierheterostructureahasbutjunction, p and
the n TheRST.theneglectweleakage,thecalculatingofpurposetheForregions).
resistors R S , R D and, R C anddrain,source,theinresistancesseriesparasiticrepresent

respectively.collector,
abyparameterscircuitequivalentthedeterminetoablebetonicebewouldIt

theillustrates7bFigurepurpose.thatforinsufficientaredataourbutfit,squareleast
therepresentslinesolidThesituation. I C (V D) atcurve V C = 2.5 andV T = 235 areWeK.

atcurrentRSTtheofpeakthenearcomponentleakagetheestablishingininterested
V D ∼∼ 1.4 tocorrespondingbehaviorpre-RSTtheextrapolatingbyV V D <∼ 1 theuseWeV.

anddraintheandsourcethebetweensymmetryperfectaassuming7a,Fig.ofcircuit
(a)curveDashed4a.Fig.ofdatathefromcharacteristicdiodesinglethetaking

resistancecollectoraAddingvanish.resistancesseriesthealllettingtocorresponds
(d,c)downwardsitshiftsresistancesourceA(b).upwardscurvetheshifts – largein

fitgoodAcurrent.source-to-drainthewithassociateddropvoltagetheofbecausepart
assumedofcombinationsofrangecontinuousawithachievedbecan R S and R C which,

ofuseTheway.thisindeterminedbecannotresistancestheseofvaluesthethatmeans
isleakagetheofvalueasymptoticthethatfactthefromderivesprocedureour

ofvaluesactualthetoinsensitive R S and R C thetofitgoodagivetheyaslongso,
region V D <∼ 1 toneedwouldweinstead,fittingsplinesimpleausetotriedweIfV.

asymptotehorizontaltheforvalueaspecify – alackingdeterminedbecannotwhich
basis.physical
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7Fig. current.leakagetheofestimationforproceduretheofIllustration:
Thecurrent.RSTnoassumingchannelemittertherepresentssymbolFETThemodel.Circuit(a)

tocorresponddiodes pn resistorstheandcontactsdrainandsourcetheunderheterostructure
R S, R D and, R C paths,currentcollectoranddrain,source,theinresistancesseriesparasiticto
respectively.

andtemperatureparticularaatcurrentleakagetheofEstimation(b) V C theofCharacteristic.
fromtakenarecharacteristicsDiode6b.Fig.fromtakeniscurrent)channel(thesymbolFET

symmetric,assumedareresistancesSeries4.Fig. R D = R S .

curves,leakageThe I C
LKG (V D) valueeachforfashionindicatedtheindetermined,

of V C curve,leakagetheSubtracting6b.and6aFigs.inlinesdottedthebyplottedare,
currentRSTthetoapproximationreasonableaobtainwe I C

RST Thusbias.givenaat
curvescalculated I C

RST (V D) 4.Sect.inbelowusedare

ChannelORNANDSingleaofCharacteristics3.3

channels:threeformsactuallydevicelogicmulti-terminalThe 1 − 2 , 2 − 3 and,
3̃ − 1 theindicatetoarrowanuseshallwedevicethisofdescriptiontheIn.
source → room-typicaltheshows8Figuremeasurement.particularaindirectiondrain

channeltheinmeasuredcharacteristics,temperature 3̃ → 1 differentofCharacteristics.
source-draintheunderasymmetryslightaistherebutclosely,quitecoincidechannels

theofmisalignmentoff-centerunavoidableantoduechannel,singleaininterchange
theThustrenches. 3̃ → 1 inmeasuredthosefromdifferentslightlyarecharacteristics

the 1 → 3̃ inoutcancelsasymmetrysystematicthis5,Sect.inshownAsconfiguration.
gate.ORNANDtheofstates8theall

significantlyaredevicemultiterminaltheofcharacteristicsSingle-channel
keyThe2a.Fig.ofCHINTthree-terminalthefor6aFig.inthoseoverimproved

largertheinliesimprovement I C
RST loweratachievedmoreoveriswhich, V C This.

presentTheresistances.parasiticofreductionatoattributedbecanimprovement
ofmeasurementatoitselflendsnaturallynature,multiterminalitsofbecausedevice,

resistanceseriesthe R foundhaveWe2.and1electrodesin R = (10 ± 1) Ω dominated,
lowerslightlyhavetoexpectedbecanelectrodesouterTheresistance.contacttheby R .

The I C
LKG is4a,Fig.ofcharacteristicsdiodetheusingcalculatedcontribution,

thisinassumedwasresistanceparasiticNoline.dottedboldtheby8Fig.inplotted
sourcethewithassociatedareaemittertheinasymmetrytheincludedwebutcase,

(electrode 3̃ (electrodedraintheand) 1 floating.arecontactstwootherthewhen)
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3single-channel ˜ → collectorfixedaat1

bias V C = 3ElectrodeV.2.3 ˜ groundedis
3and2Electrodesdrain.theasacts1and

linedottedboldThefloating.keptare
componentleakagetheindicates I C

LKG ,
5a.Fig.indatathefromcalculated

contrastedbeto8,Fig.ofcharacteristiccollectortheinpeakaofabsencetheNote
channelheavieratodifferencethisattributewepoint,thisAt6.Fig.indatathewith

two-accurateanrequiresanalysisconclusiveastructure;multiterminaltheindoping
out.carriedyetnothavewethatdevicecomplementarytheofsimulationdimensional
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9Fig. resistances.seriesofeffectThe:
characteristicsvoltageCurrent I C (V D aof)

3channelsingle ˜ → theundermeasured1
ain(though8Fig.inasconditionssame

resistancesserieswithdevice)different R
(inadded a (collector,the) b source,the)

(and c circuits.drainthe)

inResistors9.Fig.inillustratedisresistancesseriesexternaladdingofeffectThe
effectivelydropvoltageitseffect:similarahavecollectortheorsourcethewithseries

theinfieldelectricnormaltheaffectslatterThebias.collector-to-sourcethereduces
onresistance,seriesdrainAchannel.theinconcentrationcarriersheettheandbarrier

samethethateffectthewithfieldchannellateraltheonlyreduceshand,otherthe I C is
higheraatreached V D.

current-voltagetheshowsItfinding.interestingandnewareports10Figure
atbothcollector,groundedaforcharacteristics 300 andK 6 fieldelectricbuilt-inTheK.

at V C = 0 barriereffectivetheincreasesandelectronschannelofRSTtheopposes
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For3a.Fig.cf.height, V D > 0 reverse-biasedaisdrainthenearcross-sectiondevicethe,
pn 5aFig.inthosetosimilarbetocharacteristicstheexpectwouldOneheterojunction.

biasescollectorreversethefor V C < 0 curvesthebias,draincertainaatHowever,.
I C (V D) currentthewithcurves,leakagereverse-biasthefromdepart10Fig.in

theinobservedbeennothasregimeaSuchmagnitude.ofordersseveralbyincreasing
ischanneltheandlowerisdopingemitterthewhere2a,Fig.ofstructure "normally

off" atpropertiestransportthethatso, V C = 0 investigated.properlybenotcan
normally-ainthoseresemblecloselystructureORNANDtheofcharacteristicsChannel

region.anomaloustheinstructureparticularnoshowandtransistorfield-effecton
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VC = 0 10Fig. current-voltageAnomalous:
3channelsingleaofcharacteristics ˜ → at1

V C = temperatures.differenttwoand0
linesSolidfloating.are3and2Electrodes

show I C (V D at) V C = ofPolarity.0 I C

thefromholesofflowthetocorresponds
linesDashedcollector.theintochannel

leakagecollectorreverse-biastherepresent
The5a.Fig.fromcurrent " breakdownsoft "

near V D ∼∼ 1.5 V ofRSTthetoattributedis
holes.impact-ionized

corresponding(polaritycurrentcollectorreversetheofrisesharpthebelieveWe
ofvalueshighatchannel)theintocollectorthefromflowingelectronsto V D >∼ 1.5 canV

thetoimputedbe ionizationimpact byreleasedHoles,channel.theinelectronshotby
heatingsubstantialaundergoandsourcethetowarddriftdrain,thenearprocessthis

ofincreaseobservedTheway.thealong  I C  ofRSTaasinterpretedthusis minority
holes ofRSTthesuppressesthatfieldelectricsamethethatNotechannel.thefrom

ofInjectionholes.channelofRSTtheaidselectrons majority collectortheintocarriers
luminescenceatorisegivenotdoes – experimentalourwithaccordanceiniswhich

increasesInGaAsinthresholdionizationthetemperatures,cryogenicAtobservations.
ofvaluecriticalthedoessoandwideningband-gapthetodue V D thewhichat I C (V D)

theEvidently,curves.leakagecorrespondingthefromdepart10Fig.incurves
theofobservationsimplifiesitalthoughessential,notisstructurecomplementary

ofRSTThebias.reverseundercurrentleakagethereducingbyeffectRSTminority
inphenomenaionizationimpactstudyingfortoolpowerfulabecancarriersminority

channels.transistorfield-effect

CHARACTERIZATIONOPTICAL4.

thefromdetectedwasdevicesRSTcomplementarytheofElectroluminescence
aanddetectorGecoolednitrogenliquidausingsubstratepolishedtheofback 0.75 m

tocorrespondingenergyphotontheatpeakedspectrumaobservedWespectrometer.
increasingwithshrinksbandgaptheAsInGaAs.inrecombinationband-to-bandthe

fromincreaseswavelengthpeakthetemperature, 1.56 µ atm T = 100 toK 1.59 µ andm
1.60 µ (temperatureslowatMoreover,respectively.K,290andK235atm <∼ 100 theK)

increases.currentRSTtheasenergyhighertowardsshiftsslightlypeaktheofposition
Toinjection.electronincreasingthetodueeffectband-fillingatoshiftthisattributeWe

suitableandphotodiodeGebroad-areaausedwepower,emittedtotalthemeasure
optics.focusing

powerlightmeasuredtheofdependencetheshow11Figures P L electrontheon
voltageheating V D ofvaluesdifferentandtemperaturesselectedat V C sametheOn.

theshowwegraphs "net" curvesRST I C
RST (V D) The3.2.Sect.indescribedascalculated,

thethatisobservationnotablefirst P L (V D) toproportionaldegreegoodatoarecurves
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I C
RST (V D) totalthetothanrather, I C (V D) expect.naivelycouldoneas6,Fig.of

inratioon/offtheexceedsfar11)(Figs.ratioon/offopticalmeasuredtheAccordingly,
temperatures.lowatstrikingparticularlybeingdifferencethecurrent,collectorthe

atEven T = 290 instructureRSTthewhereK, I C (V D) theagainstvisiblebarelyis
orderanbyissignalopticaltheofmodulationcorrespondingthebackground,leakage

formagnitude:of V C = 3.0 in9isratioon/offtheV P L in1.1and I C thisoforiginThe.
ismodulationofdepththesinceunderstood,clearlybemustperformanceremarkable

light-emittingtheofapplicationslogicroom-temperatureforimportanceparamountof
devices.RST
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11Fig. ofcharacteristicsoutputOptical:
temperaturesdifferentatdevice2aFig.the

biasescollectorand V C totalThe.
powerlightmeasured P L byplottedis

theindicatelinesDashedlines.solid
current I C

RST measuredthefromcalculated
I C subtractingby I C

LKG inillustratedas,
werecurrenttheofMeasurements7.Fig.
dataopticalthewithsimultaneouslytaken

inpresentedthosefromslightlydifferand
isratioon/offpowerlightThe6.Figs.

valuemaximumthedividingbycalculated
of P L thebeforevalueminimumitsby

RST.ofonset
(a) T = (b)K;290 T = (c)K;235 T = K.100

ofdependencetemperaturethestudyingBy I C (V C) at V D = 0 concludedhadwe,
theintoholesofinjectionthetoduemostlyisleakagecollectorthethat3.1Sect.in

contributenotdoesinjectionthisthatindicateclearly11Fig.ofdatatheNow,channel.
bycausedareRSTtheandleakagethethatsignificantisItsignal.opticaltheto

efficiencyradiativelowervastlyahaveholesinjectedThecarriers.oftypesdifferent
recombinetheybeforecontactdrainorsourcethereachtolikelyaretheybecause

Theelectrons.withradiatively In0.52Al0.48As layeretch-stop b insufficientlyis2)(Fig.
bytimeescapeholeestimated(thechannelemittertheinholesminorityconfinetothick

time).recombinationradiativethethanshortermuchislayerthisacrosstunneling
dopedheavilylayerstheinoccurtolikelyisrecombinationnonradiativetheofMost
activetheinconfinedarecollectortheintoinjectedelectronscontrast,Intin.with

ofrecombinationthetoattributedbecanoutputopticaltheofallVirtuallyregion.
designimportantanimpliesThislayer.activecollectortheinelectronsinjected

thesuppresstoessentialisitratioon/offopticalthemaximizetoconsideration:
becanholesoffluxdirectedoppositelytheregion;activetheintoelectronsofleakage

tolerated.
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thebelowisleakagethetorelatedsignallightthe11c,Fig.temperatures,lowAt
inratioon/offtheandlevelnoise P L aboveis 104 smallthetemperatures,higherAt.

ratioon/offtheconsequentlyandincreasescurrentleakagetheofcomponentelectron
pronounced.lessiscurrentcollectortheandoutputlight-powerthebetweendisparity

powerlightmeasuredtheFrom P L (V D , V C) radiativeinternaltheestimatecanwe
follows:aselectronsRSTtheofefficiency

ηq =
h ην c t o

1________
I C

RST

q ∆P L______ , (4)

where ηc ∼∼ 0.48 emissionisotropicanassuming(estimatedefficiencycollectiontheis%
theover 2π metallization),surfacethefromreflectiontodueangle,solid t o ∼∼ 88 theis%

thebetweenwindows)and(lenscomponentsopticaltheoftransmissioncombined
anddevice,theanddetector h ν luminescencetheofpeaktheatenergyphotontheis

quantitythecurrent,leakagethetoduepowerlighttheforaccountTospectrum. ∆P L is
toequaltaken P L (V D , V C) sametheatmeasuredpoweropticaltheminus V C lowerbut

V D hasonetemperatures,lowerAtRST.theofonsetthetoprior, ∆P L = P L .
efficiencycollectionourthatfactThe ηc totalthebyforaccountedislow,is

anusednothaveWeangle.solidcollectiontheandloss,Fresnelreflection,internal
(aperturenumericallowrelativelyThecoating.anti-reflection N A ∼∼ 0.34 beenhas)

oferroranMoreover,measurements.low-temperaturefordewaraofusethebyforced
± 5 in% N A oferroranproducesfocus,ofoutslightlybeinglenscollectionthefrom
± 10 in% ηc wasefficiencytheofdeterminationtheinerrorsystematictheNevertheless,.

wholetheduringadjustednotwassystemlensthesincemeasurements,allforsamethe
Themeasurements.ofset relative andtemperaturesdifferentatbehaviorefficiency

reliable.quiteconsideredbecanbiases
efficiencyradiativetheofbehaviortheintrendsbasictheshows12Figure ηq

peaktheaboveandnearthatfoundWebias.collectorandtemperaturevaryingunder
varyingbymodulatednotisefficiencythecurrentRSTtheof V D thatmeansThis. ηq is

givenaatcurrentinjectiontheofindependentpractically T and V C 12Fig.indataThe.
ondependencethepeak;RSTtheneartakenis V D below.discussedisrangewiderain

increasingwithdecreasesefficiencyradiativethefigure,thefromevidentisAs
light-conventionalinasexplained,betolikelyisdependenceThistemperature.

higheratroleincreasingthebydevices,emitting T assuchprocesses,non-radiativeof
recombination.Auger 18

itself.currentleakagetheofefficiencyradiativetheconsidertoinstructiveisIt
parameterabycharacterizedbecanThis ηq

LKG withbut(4)Eq.inasdefined, ∆P L

byreplaced P L (V D = 0) and I C
RST totaltheby I C Forbias.heatingzeroat V C = 3.0 andV

T = 290 K, 235 andK, 200 findweK, ηq
LKG = %0.12 , %0.06 and, %0.04 Thisrespectively.,

dependence,temperature "opposite" thetoevidencefurtheragives12,Fig.inthatto
recombinethatholesoffractionsmallatonotdueislightleakagethethatfact

leakagethetocontributionelectronsmallatobutchannelemittertheinradiatively
current.

increasingwithdecreasetoseenalsoisefficiencythe12,Fig.toReturning
lowatonlyprominentiseffectThisbias.collector T <∼ 150 ofvariationsignificant(noK

ηq with V C atdependenceapparentthetemperatures;higheratobservedis T >∼ 200 inK
low-thesincemeaningfulnotis12Fig. V C errorexperimentalanwithinarepoints

Onecomponent).leakagetheofsubtractiontheinuncertaintythebyintroduced
theforexplanationpossible V C hotofinjectionthetorelatedbemaydependence

recombinetheywherelayer,confinementcollectorwide-gaptheintoelectrons
theofweakeningmodel,thisWithinnonradiatively.† V C ofdependence ηq higherat

________________

detectedbenotwoulditlayer,confinementthefromcomponentradiativeawerethereifEven†
substate.InPtheinre-absorbedbewouldoutputlightInAlAstheofallsinceexperimentally,

wide-gapthefromradiationsignificantaexpectnotwouldoneprinciple,ofmatteraasMoreover,
travelthanlongerislifetimeradiativetheirandconfinedlongernoarethereelectronssincelayer,
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highertoduepathmean-freehot-electronshorterabyexplainedbecantemperatures
electronsinjectedoffractionsizableathatfactThescattering.optical-phononofrate

barrier,secondthecleartotemperatures)lowerat(especiallyenergyenoughretaincan
theand19Ref.example,for(see,transistorsballisticofstudiesfromknownwellis
ourthatfactthecontradictnotdoesinterpretationThistherein).citedliterature

inratescoolingelectronthebecausetails,hot-electronshownotdospectrameasured
knownareInGaAs 20 recombination.thanfasterbeto
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12Fig. internaltheofDependence:
efficiencyradiative ηq latticetheon

biases.collectordifferentfortemperature

inconsistentisitFirst,interpretation.thiswithdifficultieshaveweNevertheless,
theinpeaktheofunderstandingourwith I C (V D) attributedhadwewhichdependence,

theinreversalfieldato3.2Sect.in "hot-spot" wouldoneClearly,channel.theofregion
ourcontradictsThiscase.thisineffectballistic-transistortheofsuppressionaexpect

calculatedtheofdependencetheshowswhich13a,Fig.indata ηq heatingtheon
voltage V D ofvaluesseveralfor V C at T = 100 theofenhancementNoK. ηq atoccurs

voltagesheatingthe V D theabove I C peak.
dramaticthenamely13a,Fig.offeaturestrikingmosttheconsiderNext,

Thecurrent.collectortheinstepsaccompanyingefficiency,theinstepsdownward
largelyandhighrelativelyareefficiencytheofvalueslow-bias independent theof

thestep,currentfirsttheoflocationthereachesbiasheatingtheAsvoltage.†collector
tocorrespondingcurvesMoreover,value.plateauloweratodropssuddenlyefficiency

(biasescollectorlower V C = 2.5and2.0 current-theinstepsnoaretherewhichatV),
Foreither.efficiencyindecreasesignificantnoshowcharacteristics,voltage V C > 2.5 V,

nearhappensevidentlysomething V D ∼∼ 1.2 theofswitchingstep-liketheforceswhichV
current-voltagetheinStepsdrop.efficiencythewithaccompaniedisandcurrent

explainedusuallyareCHINTtheofcharacteristics 4,9,10,15,21,22 associatedinstabilityanby
theandfieldtheBothchannel.theindomainshot-electronofformationthewith

temperatureelectron T e leadmaycourse,ofthat,anddomainstheindramaticallyrise
ofenergyaveragehighertheofbecauselayer,confinementtheintoinjectionhigherato

wethenfactor,decidingtheisenergyinjectiontheifHowever,electrons.injected
increasingwithstronglydowngoefficiencyradiativetheexpectshould V C valuesallat

of V D theofinterpretationballistic-transistorabovethewithtroubleThe. ηq (V C)
(dropefficiencytheexplaintoitstretchcannotwethatnotisdependence that canwe

________________________________________________________________________________________________

contact.thetotime
indecreaseapparentThe† ηq isdetector)lightouroflimitsensitivitythe(nearbiasesheatinglowestat

scalesprocessessuchofrateThedefects.withrecombinationnonradiativetorelatedprobably
radiativetheexceedsitinjectioncarrierlowatandconcentrationminoritythewithlinearly

rate.recombination
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low-thatfactthewithinconsistentclearlyisitthatbutdo!) V D ofvalues ηq are
practically independent of V C alternativeconsidertoledtherefore,are,We.

data.efficiencytheofinterpretations
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13Fig. efficiencyradiativeinternaltheofDependence: ηq voltageheatingtheon V D.
indicatelinesDashedbiases.collectordifferentatPlots(a) I C 6c.Fig.from
(efficiencyradiativetheofplotsSimultaneous(b) ηq currentssourceandcollector,drain,the),

(I D, I C and, I S (powerinputelectricaltotaltheandrespectively),, W tot).

bylatticetheofheatingnonlocalainvolvesexplanationpossibleaopinion,ourIn
maylayeractivetheintemperaturelatticethepicture,thisInelectrons.hot

powerthetoduetemperature,ambientthefromdeviatesubstantially W e bydissipated
estimatedbecanpowerThisemission.optical-phononviachanneltheinhot-electrons

as

W e = A
τe

kTn e______ , (5)

where n spot,hottheatchannelemittertheinconcentrationcarriersheettheis A the
andarea,hot-spot τe (T e) temperatureatelectronshotoftimerelaxationenergythe T e.

lowAt V D henceuniform,relativelyandlowischanneltheinfieldheatingthe T e lowis
issoand W e shrinksdomainhot-electronaofformationThe. A timesametheatbut

increasesstrongly T e thereforeand W e channeltheinemissionphononHigherup.goes
lowerahenceandlayeractivecollectortheintemperaturelatticehigheratoleads

atincreasetemperaturerequiredthe12,Fig.ofdatatheFromefficiency.radiative
T = 100 thanlessbyisK 50 ondependenceTheK. V C gatingfield-effectthefromresults

factortheby(5)Eq.inexpressedcollector,theofaction n (V C) isdomaintheAfter.
ondependencetheformed, V D weak.is

partessentialaniscarriershotbyheatinglatticethethatstresstolikewouldWe
followingthebyoutruledisdevicewholetheofheatingJoulesimpleApicture.thisof

powerinputtotaltheConsiderobservation. W tot theinwhichtransistor,theinto
bygivenisconfigurationcommon-source

W tot = I C V C + I D V D . (6)

thatfoundwesurprise,ourTo W tot is continuous current-voltagetheinstepstheat
characteristics.§ theofoneofbehaviortheshowswhich13b,Fig.inillustratedisThis

________________

§ previouslyinmeasureddataavailablethere-analyzedhavewedevice,presentourtoadditionIn
stepsall)not(butmostthatfoundwesurprise,ourTotransistors.injectionchargeunipolarreported

in I D, I C and, I S = I D + I C power.inputtotaltheinvariationcontinuousabyaccompaniedare
slopetheonlyTypically, W tot (V D) deservesphenomenonthisbelieveWetransition.theatchanges

switchingofnaturetheonlightshedmayIttheoretical.andexperimentalbothstudy,further
trajectoriescomplicatedintrinsicallyofbranchesdifferentbetweentransitions 23 phasedevicethein
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withtogether13aFig.ofcurvesefficiency I D, I C, I S and, W tot theallwhilethatseeWe.
atdiscontinuityaexperiencecurrentsterminal V D ∼∼ 1.2 remainsinputpowertotaltheV,

continuous.
thatremarkusletmisunderstanding,avoidTo W e ofpartaonlyis W tot ofMost.

W tot Involume.largeaoverdistributedandphononsacousticbydissipatedishowever,,
powerthecontrast, W e withelectronsbydissipated, T e > ∼ 0001 theintogoesK,

spot.hottheatphononsopticalimmobilerelativelyofgeneration
light-room-temperaturethe14Fig.indisplayingbySectionthisconcludeWe

(single-channelaofcharacteristicsvoltage 3̃ → 1 Thesedevice.multiterminaltheof)
For8.Fig.inthosetoidenticalconditionsbiastheundertakenwerecharacteristics

theshowsalsofigurethecomparison, I C
RST subtractingbyobtainedcurve, I C

LKG in(shown
increasescurrentinjectionthethougheventhatseeWeline).dottedboldtheby8Fig.

themonotonically, P L maximumahascurve – 11Fig.incurvesanalogousthelike –
ahavenotdowetime,thisAtsteep.sonotismaximumtheafterdropthealthough

atbehaviordifferentahave14Fig.inshowncurvestwothewhyunderstandingclear
V >∼ 2 8.Fig.belowcommentourcf.V,
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14Fig. light-voltageRoom-temperature:

3single-channelaofcharacteristics ˜ → at1
biascollectorfixeda V C = ElectrodeV.2.3

3̃ drain.theasacts1andgroundedis
Thefloating.keptare3and2Electrodes

theindicateslinedashed I C
RST curve,

subtractingbyobtained I C
LKG from I C in

8.Fig.

LOGICTRANSFERSPACEREAL5.

statesinternalthebetween(1)equivalencesymmetryThe S [V D , V C] CHINTaof
toproportionaliswhichpower,opticaloutputitsthatimpliesdevice I C

RST isand
biasheatingthebycontrolled V DS drainandsourcetheonpotentialstheifinvariantis,

theofdependenceexclusive-ORanexhibitsdevicetheThusinterchanged.areterminals
voltagesinputtheonpowerlightemitted V S and V D (high/low)binaryasregarded,

signals.logic
Thetemperatures.differentthreeatoperationlogicthisdemonstrate15Figures

atfixedisbiascollector V C = 3.0 fromvariedarevoltagesinputtheandV low = 0 to
high = 1.5 opticalanofOperationV. xor showndataThe15a.Fig.inillustratedisgate

frequencythecharacterizetomadewasattemptnomeasurements;DCinobtainedwere
thethatseeWeoperation.fastafordesignedbeennothaddeviceourasresponse,

powerlight-output P L obeys P L = xor (V S , V D) roomincludingtemperatures,allat
thebetweenasymmetryslightThetemperature. on (states 0,1 (and) 1,0 thatindicates)

hand,othertheOnvariations.processingtoduesymmetricperfectlynotisdeviceour
thebetweendifferencethe ffo (states 0,0 (and) 1,1 atoowingistemperatureshighat)

________________________________________________________________________________________________

26-30.and22Figs.below:cf.space,
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current.leakagethewithassociatedradiationnonvanishing
leakagethewithassociatedefficiencyradiativelowthethatstressedbeshouldIt

successfulaforcrucialiscurrent xor 15bFig.comparison,Fordevice.ourofoperation
biasingandtemperaturessimilaratdeviceourofbehaviorelectricaltheshows

thebetweensymmetryapproximatetheWhileconditions. on (states 0,1 (and) 1,0 is)
functionthemaintained,well I C = xor (V S , V D) temperatures.cryogenicatonlyobtains

higherAt T (statetheinholesofleakagethe, 0,0 aneffectivelyitmakes) on andstate
alikemorelooksfunctionresultingthe nand athan xor.
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15Fig. atCHINTcomplementarytheofoperationlogicelectricalandopticaltheofComparison:
temperaturesdifferent T 1(stateslogicFour. − 1(),0 − 0(),1 − 0(and),1 − thetocorrespond)0

(inputselectrical V S − V D valuesthetaking) V = and(logic-0)0 V = 1.5 V (logic-1).
output,Optical(a) P L tocorresponds, xor (V S, V D allat) T temperature.roomincluding,

output,Electrical(b) I C is, xor (V S, V D temperatures.cryogenicatonly)

anCHINT:light-emittingtheofapplicationpossibleanotherdiscussbrieflyusLet
responsedevicetheConsidersignal.†inputelectricaltheofdoublerfrequencyoptical

voltagetheofvariationsinusoidalato V D electrodes,emittertheofoneon D keeping,
electrode,otherthe S grounded,, V S = 0 foroutputlightThe. V D rangetheinvarying

− V2 < V D < 2 ofvaluesfixedseveralandV V C toresponsetheand16a,Fig.inshownis,
ofvariationsinusoidala V D thesituation,thisinthatNote16b.Fig.inillustratedis D

whenhalf-periodtheduringelectrode V D < 0 effectivethethatsosourcetheactuallyis
field,collectortheofactiongatingtheofBecausevaried.isvoltagecollector-to-source

uneveninperiodpertwicecomesoutputTheasymmetric.arecharacteristicsthe
finitetheofbecausepossible,isdevicethisofoperationsmall-signalNopulses.

RST.tangibleainitiatetorequiredvoltageheatingtheofmagnitude
CHINTtheofapplicationssmall-signalfrustratesRSTtheofnaturethresholdThe

al.etMenszNevertheless,(1).symmetry 8 CHINTtheofoperationunipolarareported
awithlevelleakagetheupdrivingintentionallyBydoubler.frequencyelectricanas

totalthewhereregimeafoundtheybias,collectorhigh I C (V D) appearscharacteristic
opticalanobtainingofpossibilitythetoregardsasarisesquestionnaturalAparabolic.

isthisstructurepresentourIndoubler.frequencysmall-signalasuchofanalog
leakagethewithassociatedefficiencyradiativelowtheofbecausepreciselyimpossible

________________

privateainIgaK.Professorby(SL)usofonetosuggestedbeenhadapplicationanSuch†
(1990).communication
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whichinheterostructuresusingachievedbecanoperationansuchPerhaps,holes.of
in(e.g.typecarriersamethetoduemostlybewouldRSTtheandleakagetheboth n -

whereInGaAs/InP,inimplementedCHINTcomplementarychannel ∆E V > ∆ E C Of).
thestructureasuchincourse, on/off current.andlightbothinsamethebewouldratio

InGaAs/InPainoperationlogicelectricaltheoveropticaltheofsuperiorityrecoverTo
ausetohavewouldoneCHINT,complementary p emitter.-type
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16Fig. atillustratedformation,pulseopticalDouble-frequency: T = K.100
rangetheinvaryingvoltageheatingtheforoutputOptical(a) − 2.0 < V D < + severalandV2.0

groundedaForbiases.collectorfixed S negativeandelectrode V D theisit, D thatelectrode
nearscalevoltagebrokentheNotesource.aofroletheplays V D ±= V.0.5

signalopticaltheofevolutionQuasi-stationary(b) P L sinusoidalatoresponseinline)(solid
voltageheating V D line).(dashed

LogicORNAND5.1

conditionsboundaryperiodicthesetweSince V 3̃ = V3 devicemulti-terminalour,
electrodecontrolaasviewedbecantheseofOneterminals.inputthreeeffectivelyhas

functionslogictwotheofwhichdetermineswhich or or nand othertheonexecutedis
currentcollectorThearbitrary.iselectrodecontroltheofChoiceinputs.two I C theand

powerlight P L withstatesthetorefershallWeoutput.logictherepresent high and low
asoutputtheofvalues on and ffo respectively.states,

ORNANDtheofoperationlogicroom-temperaturethedemonstrates17Figure
ausingsubstratepolishedtheofbackthefromdetectedbeenhassignallightThegate.

polishedbeenhasthicknesssubstrateThelight.thecollecttoobjectivemicroscope
todown 35 µ isbiascollectorThesubstrate.theinabsorptioncarrierfreethereducingm
atfixed V C = 2.4 signalsinputtheandV V1 and V2 betweenvariedare low = 0 and

high = 3 theateitherfixediscontrol,theaschosenelectrode,splitthewhileV, low value
V3 = 0 thefor or theatorfunction high value V3 = 3 theforV nand function.
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17Fig. logicelectricalandOptical:

obtainedgate,ORNANDtheofoperation
roomatmeasurementquasi-stationaryain

andtemperature V C = 3ElectrodesV.2.4
3and ˜ valuesbinaryThetogether.tiedare

"logic-0" and "logic-1" signalsinputtheof
V1, V2 and, V3 ,V3and0tocorrespond

ofgroupingparticularTherespectively.
thereflectsNANDandORintostatesthe

ofchoice V3 theas "control" electrode.

differentbetweensymmetrythe17,Fig.fromseenAs on maintained,wellisstates
forboth I C (± 8 and%) P L (± 6 invariationlargerThe%). I C theinvariationthetodueis

Differentholes.ofcurrentleakage on areasdifferenttocorrespondstates A S theof
contact:source A S is 25 forareaemittertotaltheof% nand (0,1) and nand (1,0) while,

A S = 75 for% or (0,1) and or (1,0) and, A S = 50 for% nand (0,0) and or (1,1) thelargerThe.
Sincecurrent.RSTthetoaddediswhichcurrentleakagetheislargertheareasource

ofefficiencyradiativethe I C
LKG ofthattocomparednegligibleis I C

RST the, on arestates
ofefficiencyradiativelowTheoutput.lightmeasuredtheinhomogeneousmore I C

LKG

thethatfacttheexplainsalso ffo theofstate or electricallyperfectthanlessisfunction
ratio(the on ⁄ ffo ∼∼ 7 in I C (opticallysatisfactorythanmorewhile), on ⁄ ffo >∼ 200 in P L In).

the ffo theininjectedholesfromresultsleakageofmostandRSTnoistherestate
layer.emitter

basictheofviolationforcauseonlythenotisareasourceeffectivetheinVariation
channel-thedisplacetoissymmetrythisbreaktowayAnother(1).Eq.symmetry

theintrenchdefining n + middletheinexactlypositionnominalitsfromlayercap
single-channeltheshows18Figureelectrodes.neighboringbetween I C

RST (V D)
sourcedifferenttwoandchannelsdifferenttwoforcharacteristics → orientations.drain

channelsdifferenttwoinorientationsamethetocorrespondingcurvesthethatseeWe
Thisorientations.differentbutchannelsametheforthosethancloselymorecoincide

presenttheindatathethatremarkWeexamined.devicesallfortrueholdsobservation
theofalignmentluckyexceptionallyanwithwaferafromcollectedbeenhavereport
thebetweendifferencethewafers,otherInmasks.metalsource/draintheandtrench
hasthisNevertheless,larger.evenischannelsametheoforientationsoppositeinRST

ofsymmetrytheoneffectno on symmetrytheIndeed,gate.ORNANDtheinstates
channels,threetheallinidenticalbetohasmisalignmenttrenchatoduebreak

sixtheofeachthatNoting2b.Fig.cf. on fieldunderchannelstwohasstates – ofone
orientationeach – ORNANDtheinoutcancelsasymmetrysystematicthethatseewe

18.Fig.inTablethecf.operation,logic
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18Fig. The2b.Fig.ofgateORNANDtheintrenchesofmisalignmentthetodueAsymmetry:
sourcetheindicatesarrow → Thus,misalignment.trenchthepositionitsandorientationdrain

symbolthe S →D (drainthetocloseristrenchthethatindicates D figureTheelectrode.)
differenttwoinfieldchanneltheoforientationsoppositetwoforRSTtheofcomparisonashows

currentleakageThechannels. I C
LKG indicatesrighttheontableThe14.Fig.inassubtracted,is

theofstateslogicallinfieldheatingtheunderarethatchannelsthosei.e.channels,workingthe
gate.
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COLLECTOR-CONTROLLEDANDINSTABILITIESHOT-ELECTRON6.
STATES

theabove,seenhaveweAs IV aretransistorsinjectionchargeofcharacteristics
thein(NDR)resistancedifferentialnegativestrongaincludingnonlinear,extremely

I D (V D) (MC)CarloMonte8.or6Fig.e.g.,cf.,steps,sharpwithdependence
simulations21,22 offormationtheandswitchinginternaldemonstrateCHINT,theof

RSTthebetweenfeedbackpositiveatodueariseinstabilitiesThesedomains.high-field
measurementsexperimentalBothchannel.emittertheinfieldelectricheatingtheand

ofrestrictionthetodueeffectsRSTanalyzinginlimitedbeenhavecalculationsMCand
tracing IV theinprogressSignificantincrements.voltageinexclusivelycharacteristics

achievedwasinstabilitiesRSTtheofunderstanding 9,23 continuationofhelpthewith
simulation.devicetransientandmodeling

forimportantistransistorsRSTindomainshot-electronofstudyThe
thetocontrolelectron-heatingtheofSwitchinglimitations.deviceunderstanding

Theamplifier.linearaasusedbecanCHINTwhererangetherestrictscollector
thebyonlylimitedbetobelievedismodeusualitsinCHINTofperformancefrequency

ofdistancesoveri.e.,device,theofregionshigh-fieldoverelectronshotofflightoftime
thefromextrapolatedfrequencies,cutoffThethickness.barrier-layertheorder

measurementsmicrowave 24 withstructureCHINTunipolarainparametersscatteringof
a A2,000 ˚ transitthegain.powertheandcurrentthebothforGhz40werebarrier,-thick

unity-gainforlimitupperthesetswhichps,2-3orderofbetoestimatedbecantime
achievedbecanperformancespeedultimateTheGHz.50aroundatfrequenciescutoff

layer.toptheiscollectorthewhichinstructureCHINTinvertedanwith 25−27 allowsThis
narrowerofusethethereforeandcapacitancedrain-collectorparasitictheofreductiona

aoutperformtoexpectedbecanCHINTthebarriers,narrowsufficientlyWithbarriers.
FETthetocorrespondingcollectorRST(thegeometrysimilaroftransistorfield-effect

limitednotisCHINTofperformancesmall-signalthebecauseetc.)gate, 1 oftimetheby
demonstratedrecentlywasadvantageThisdrain.theandsourcethebetweenflight

experimentally.26 FET-like,longer,abetoseemsitselfformationdomaintheHowever,
below.25and20Figs.cf.process,

simulationnumericaltheofResults 9,23 three-aintransporthot-electrontheof
simulationstwo-dimensionalofnumberAbelow.reviewedarestructureRSTterminal

(channelgeometrydevicethevaryingperformed,beenhaveCHINTunipolaraof
length L CH thicknessbarrierand d B biasexternaltheandparameters,transport),

investigated.beenhaveproblemstime-dependentandstationaryBothconditions.

ModelMathematical6.1

directlymusteffectstransferreal-spaceforaccounttoattemptswhichmodelAny
NeumannofformsomespecifytoabilitytheFurther,heating.carrierfortermsinclude

multivaluedarbitrary,tracingforessentialisconditionsboundary IV characteristics.
PADREsimulatordevicegeneral-purposethebymetarerequirementstheseofBoth 28

Boltzmanntheofmomentsfromderivedequationsdifferentialpartialsolveswhich
systembalanceenergyanemployedbelowdescribedSimulationsequation. 3029, defined,

potentialelectrostatictheoftermsin ψ densityelectronthe, n electrontheand,
temperature T e elsewhere.listedareusedequationsPrecise. 31

domaindeviceadecomposesPADREstructure,dataelement-basedanThrough
ofnumberanyinstance,forregions;ofconfigurationsnonplanararbitrary,into

verticestheatData(node).locationsingleaatabruptlyterminatecanheterointerfaces
impurityThedependencies.modelandmateriallocalhavecanelementeachof

anyacrossabruptlychangetoallowedarevariablessolutionandconcentration
andlevelquasi-Fermitheanalysis,thisIninterface.heterostructure T e assumedare

aintroducingthuscontinuous, T e localonconditioninterfacetheindependence
densityelectron n isbarriersenergyatdensitycurrentRSTthethatmeansthis;

self-consistently.includedandthermionic
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forModels µ and τe offunctionaas T e user-definedfromderivedtypicallyare
velocity-fieldMC)(e.g. v (F ) temperature-fieldand T e(F ) homogeneousforrelations

fromarisingeffectsmobilitydifferentialnegativewithconfusionavoidToslabs.
awithusedbeenhaselectronsofpopulationsingleatransfer,spacemomentum

monotonic v (F ) µ= 0F [1 + (µ0F ⁄v sat)2] − 1⁄2 relation32 thewithtogether T e(F ) abyimplied T e-
diffusivity.independent 33 realisticmoreforsimilarqualitativelyremainresultstheAll

v (F ) and T e (F ) wereeffectstunnelingandionizationimpactreasons,similarFor.
assystemInGaAs/InAlAsthematchtoselectedwereparametersOtherexcluded.

possible.asexactly
complexthetracetoorderIn IV applytonecessaryisitbelow,showncurves

continuationpredictor-correctorTheconditions.boundarycurrent/voltagemixed
method34 pseudo-arclengthaonbased σ Computationally,purpose.thisforusedwas

equation,auxiliaryalgebraicsingleaofadditiontherequiresmethodcontinuationthe
currentandvoltagetheoftermsinwrittentypically (Vj , Ij ) tangentunittheand (V

.
j , I

.
j )

curvetheonpointknownaat j limitdetecttousedbealsocantangentunitThe.
where(e.g.points V

.
= 0 or I

.
= 0 biassubsequenttheforguessinitialanpredicttoand)

point j +1 auxiliaryassociatedandmethodcontinuationtheillustrates19Figure.
here.usedpseudo-arclengththeoncondition

j

j+1

δ
j+1

∆σ j

19Fig. continuationPredictor-corrector: 34

pointsconsecutivebetweensteptoapplied
j and j + anon1 IV Thecurve.

I
.
j (I − Ij ) + V

.
j (V − Vj ) − ∆σj = 0

steppseudo-arclengthnextthewhere ∆σj +1
user-abycontrolledautomaticallyis

theoferrortheontolerancespecified
projectiontangential δj .

DomainsRSTofFormationandSymmetryBroken6.2

Ramping.Rapid withdeviceaofsimulationtime-dependentaillustrates20Figure
L CH = 5 µ andm d B = 0.2 µ Bothm. S and D whilegrounded,keptareelectrodes V C is

fromrampedlinearly 0 to V C = 2 timerampingtheonDependingV. τ settlesdevicethe
forstates:twoofonein τ > τcr forwhereasstate,normal†theisit τ < τcr steadythe

bydeterminedisspeedrampingcriticalThe20a).(Fig.currentRSTlargeacarriesstate
electrons.channelbyscreenedis20b)(Fig.fieldfringingincreasingthewhichatratethe

ofvalueThe τcr ∼∼ 32.3 fromtravelelectronoftimethetocorrespondsroughlyps S and
D channel.theofmiddlethetocontacts

atstateanomalousThe V D = 0 highsufficientlyaforonlyexists V C valuetheand,
of V C

cr andgeometrydevicetheondependsdisappears,statethiswhichbelow, v sat.
ofvalueThe V C

cr voltageendramptheforanddefined,sharplyis V above V C
cr hasone,

τcr ∝ V criticalrelevantthethatindicatesThis21a.Fig.cf.approximation,goodato
(currentdisplacementtheisparameter ∝ dV ⁄dt atocomparedbeshouldwhich),

(currenttransient ∝ v sat emitter.theinprocessesscreeningelectronwithassociated)

________________

aIn† "normal" fordevice,theofstate V DS = 0 determinedcurrent,minimalaonlydrawscollectorthe,
ofvariationastatethisIntemperature.theandheightbarriertheby V C ofeffectsolethehas

channel.theinconcentrationelectronthetransistor,field-effectainascapacitively,changing
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20Fig. withtransistortransferreal-spaceaofsimulationTime-dependent. L CH = 5 µm,
d B = 0.2 µ andm, v sat = 107 fromlinearlyrampedisvoltagecollectorThecm/s. V C = at0 t = to0
V = atV2 t τ= situations:twoforplottedareresultsThe. =τ ps32.0 < τcr andlines)(solid

=τ ps32.5 > τcr lines).(dashed
(a) figureleft currentCollector: I C (t Dottedstructure.devicetheofcross-sectionshowsinset;)

byobtainedisitcurrent);displacement(pureRSTaofabsencethetocorrespondscurve
height.barriertheincreasingartificially

(b) figureright distributionPotential: V (x times.selectedatchannelthealong)

ofvaluesThe τcr withintodetermined, 0.1 theagainst21bFig.inplottedareps,
lengthchannelemitter L CH ofvaluesassumeddifferentfor v sat andthicknesses,barrier,

voltagesendramp V shortFor. L CH dependencethe τcr (L CH) quadratic,approximatelyis
longforand L CH linear.isdependencethe
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21Fig. atstatestableanomalousstableaofformationtheforspeedrampingCritical. V D = .0
linearlyrampedisbiascollectorThe V C = 0 → V intervaltimethein τ For. τ > τcr devicethe

forstate,normaltheinsettles τ < τcr (stateanomalousthein d 22).Fig.ofnotationthein
figureLeft ofDependence: τcr 5aforvoltageendramptheon µ device.m V C

cr = V.1.21
figureRight labelsCurve: VSD (voltageendramptheindicate V velocitysaturatedthevolts,in)

(S 10in) 7 cm⁄ (thicknessbarriertheands D A1000in) ˚ indicatelinesstippleanddashedThe.
respectively.dependences,quadraticandlinear

CharacteristicsStationary atstatesstationarytwothefromStarting. V D = 0 possibleisit,
characteristicsthedetermineto I D (V D) and I C (V D) voltagecollectorfixedaat V C = 2 V

thetorelative S methodcontinuationpredictor-correctortheWithelectrode. 34 canone,
anyfromstartingcharacteristic,theofcomponentsconnectedshaped,arbitrarilytrace

locusthetocorrespond22Fig.incurvesThecomponent.eachwithinstateestablished
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theinpointsof (V D, I D) givenaatstatesteadyahasdevicethewhichforplane V C To.
displayedtheknowledge,our I D (V D) aofexamplefirsttherepresentsdependence

disconnectedbetweentransitionAnycharacteristic.current-voltageconnectedmultiply
fieldsstatetheofredistributionglobalarequiresgraphtheofcomponents

high-temperaturehigh-field,ofrepositioningorformationthetocorresponding
istransition,phaseaofreminiscentredistribution,aSuchstructure.theindomains

asforced V D (pointrightmostthebeyondincreases k component.graphboundedtheof)
profilespotentialThe V (x ) channelthealong – transitiontheafterandbefore –

states,collector-controlledthreetheOf23.Fig.inshownare s, t and, u corresponding,
(sametheto V D ∼∼ 0.82 statetheasbiasexternalV) k (two, s and u actualThestable.are)

statetheintooccurstransition u current.collectortheofvaluehighestthehaswhich
stateinitialthewhichinsimulationtime-dependentabyascertainedbeenhasThis k

stepsmallabyperturbedwas V D (k) → V D (k) δ+ V D theindomainshot-electronThe.
state u risedramaticabyaccompaniedconcentration,fieldstrongabycharacterizedare
in T e fieldcollectorthethatsodepletedisdomaintheinconcentrationelectronThe.

ainresultingdrain,theofthatbelowgoespotentiallocaltheandunscreenedremains
negative I D theonstatesAll. p − u − d arecomponentcollector-controlledtheofbranch

tosimilar u stable.perfectlyand
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22Fig. characteristicsCurrent-voltage.
method.continuationthebyobtained

23Fig. profilepotentialchannelThe. V (x )
sametheatstatesCHINTdifferentin

(biasexternal V C = ,V2 V D = V).0.825

statethatindicatesThis d oframpingrapidinfoundfirsthadwe(which V C at V D = 0,
ofvariationquasi-staticabyaccessibleexperimentallyis20)Fig.cf. V D fixedat V C The.

stateanomalousstableaofexistence d insufficient)(thoughnecessaryaobviouslyis
theoftopologymultiply-connectedtheforcondition I D (V D) discussedAscharacteristic.

fringingtheofscreeningandRSTbetweencompetitionthewhenresultsitabove,
theondependshappensthiswhenPreciselyRST.offavorinresolvedisfieldcollector

geometry.devicetheandassumedparameterstransport

statesanomalousUnstable statenormalthetoadditionIn. o stateanomaloustheand d,
(statesanomalousotherthreereveals22Fig. a , b and, c at) V D = 0 profilesThe. V (x )

24.Fig.inshownarestatestheseinchannelthealong
actualtheproblem,theofnaturenon-lineartheofbecausethatclearisIt

theofrepresentationsirreducibletoaccordingtransformnotmaystatesstationary
atbehaviordevicethegoverningequationstheofgroupsymmetry V D = 0 The.

theseorsymmetricfullyeitherisstatesanomaloustheinfieldsinternalofdistribution
symmetrytheunderanotheroneintotransformandpartnersofsetaformstates

statesThus,operations. a and c thoughevenother,eachintotransformreflectionunder
stateshand,othertheOnrepresentations.linearone-dimensionalonlyhasgroupthe o,

b and, d theBiasingsymmetric.are D torespectwithelectrode S reflectionthebreaks
symmetrydifferentofstatesbetweentransformationcontinuousaallowsandsymmetry
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24Fig. fourtheinpotentialchannelThe.
atstatesanomalous V D = 0.

atstatesfivetheOf V D = 0 and V C = 2 (twoonlyV, o and d respectwithstableare)
instatesofevolutionthefollowingbyascertainedbeenhasThisperturbations.smallto

atstatessteadytheofvicinitythe V D = 0 statesinitialthe25,Fig.simulations,theseIn.
a ± , b ± and, c± fromdisplacedlooptheonstateawithcoincidetoassumedbeenhave
a , b and, c voltageinfinitesimalanbyrespectively,, δV D ±= 10 thesethoughEvenmV.

foundweones,stationarycorrespondingthefromindistinguishablevirtuallyarestates
that a + , b − and, c− intoevolved o while, a − , b + and, c+ into d instabilitiestheseAll.

ofdistancestheovertravelelectronthetocorrespondingscale,timerapidaondevelop
aof(repositioning)formationtheeitherinresultTheysize.domaintheoforderthe

electrons.channelbyscreeningthetoduequenchcompleteitsordomain,hot-electron
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25Fig. statesnon-stationarytheofEvolution. c+ andlines)(solid c− atlines)(dashed V D = .0
inshowniscurrentinjectiontheofdependenceTime figureleftthe selectedthemarksymbols;

inplottedareprofilestemperatureelectronthewhichatevolution,theintimes figurerightthe .
The "plateau" thein I C (t neardependence) t = whensituationthetocorrespondsevidentlyps20

nearalreadyexistsdomainhot-electronfully-developeda D thenearyetnotbut S electrode.

ascertainedbeusuallycanstategivenaofstabilityofquestionthethatNote
without simulationstime-dependentcostly – diagramsphasetheinspectingby
I D (V C,V D) and I C (V C,V D) statesofinstabilityThebelow.discussed a and c associatedis

theinNDRawith I C (V C) dependence, ∂I C⁄∂V C < 0 ofthatand, b bothwith ∂I C⁄∂V C < 0
and ∂I D⁄∂V D < 0 found.beenyethasrulethistocounterexampleNo.

characteristics.current-voltageCHINTofmappingsDC shows26Fig. I D (V DS)
atdevicesingleaforcharacteristics T = 300 voltagescollectorfixedofseriesausingK
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(V CS topologicalnumerousshowscharacteristicstheofexaminationClose).
lowatFETmodeaccumulationanasBeginningtransformations. V CS (< 1.0 onsettheV),

theinregionNDRslightaofformationtheinitiatesRSTof +V DS (direction ∼∼ 1.0 AtV).
higher V CS bothforappeartobeginfoldsseparate, V DS > 0 and V DS < 0 thealthough,

Atconnected.singlyremaincurves V CS ∼∼ 1.2 inappeartobeginsloopdisconnectedaV,
minimumabyboundedsurfaceatocorrespondingplane,left-handthe V CS 3Dthein

(27Fig.inshownAs26.Fig.inspace V CS = 1.5 needle-liketheandloopclosedthisV),
theandopen,tocontinuebothplaneleft-handtheofbottomthefromemanatingfold

frombackwardstracingbyreachedknee(theplaneright-handtheinnotch‘‘S-shaped’’
V DS ∞+= asleftwardmoves) V CS Byincreases. V CS = 1.6 ischaracteristictheV,

componentconnectedsinglyaandorigin,theincludeswhichloopaintotransformed
twoTheseloop.thewithintersectionsorfoldsnohasbutmultivaluediswhich

largerfortopologysametheessentiallymaintaincomponents V CS theiralthough
inseparation (I ,V ) 22.Fig.cf.increases,

-2

2 1

2

-0.3

 0.1

V
DS (Volts) VCS(Volts)

ID
(mA/µm)

26Fig. CHINT: I D-V DS forcharacteristics
1.0V ≤ V CS ≤ (2.0V L CH = 5µm, d B = 0.2µm,
v sat = 1×107cm⁄ representCurvess).

constantatsimulations V CS byseparated
∆V CS = 0.1V.

anomalousofmultiplicitytheNote V DS = 0 atgeneral,Instates. V DS = 0 canwe,
numberoddanexpect m S numberevenanandstatessymmetricof m A asymmetricof

theinpathunboundedoneonlyandonebealwaysshouldtherebecauseones, (V DS , I D)
Varyingpairs.incomestatesasymmetricsymmetry,bywhile,plane, V CS havewe,

(withcasesrealizetoablebeen m S, m A) = 4)(5,and4),(3,2),(3,,0)(3,,0)(1, aIn.
ofvariationcontinuous V CS thewhensituationaatarrivecourse,ofcan,one I D (V DS)

thetouchesonlycurve V DS = 0 anistherepointsingularthisAtcrossing.withoutaxis
distinctofnumbertotaltheandstates,symmetrictwoofdegeneracyaccidental

even.becomesstatessymmetric
disconnectedtopologicallytobelongmaypartnerssymmetrytheInterestingly

theofbranches I D−V DS asymmetricunpairedofexistencethefactinisItcharacteristic.
ledhasthat27Fig.incurveouterconnected,singlythealongstates 23 discoverytheto

origin.thefromdisconnectedloop,theof
theofmapashows28Figure I C-V DS thetocorresponding, I D-V DS 27.Figs.inplot

sincestatedevicethedefinecompletelytheyTogether, I C = I S + I D ofslicesAlthough.
I C-V DS givenaforspace V CS space,3Dtheinsymmetryistheresymmetric,notare

symmetrytheunderinvariantiscurrentcollectortheSince(1).Eq.byexpressed
ofplotstransformation, I C-V DS definedPoints28.Fig.cf.self-intersections,manyhave

thewithintersectionsingleaby V DS = 0 statessymmetrictocorrespondaxis
( I C = 2 I D = 2 I S reflective,representintersectionscoincidenttwobydefinedpoints);

pairs.asymmetric
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27Fig. CHINTSingle: I D-V DS characteristic
for26Fig.from V CS = whichV1.50

componentself-intersectingabothcontains
loop.disconnectedaand

28Fig. CHINTSingle: I C-V DS characteristic
for V CS = thetocorrespondingV1.50 I D-
V DS 27.Fig.in

have28,and27Figs.incurvesbyrepresentedthoselikemappings,spacePhase
closeinfinitesimallytheirself-intersections,ofvicinitytheinexceptthatpropertythe

vectorsstatecloseinfinitesimallytocorrespondpoints z ∈ R multidimensionalthein
space R fieldstheall[i.e.devicetheofstatethedescribing, n (x ,y ), T e (x ,y ), ψ (x ,y ) etc.].,

aondistancefiniteabyseparatedpointstrue:alwaysisconverseThe (V , I ) plane
statesdistinctmacroscopicallytocorrespond z pseudo-arclengththeinContinuation.

experimentalcontrast,Instate.devicetheofevolutionsmoothcompletelyaproduces
instanceforpoints,limitattransitionsabruptforcesimulations)MC(andmeasurements

k→u as22,Figs.in V DS orformationthetocorresponding0,fromincreasedis
negativeresultantThedomain.high-temperaturehigh-field,aofrepositioning I D at u

toduedrain,theofthatthanlowerisdomainelectronhottheinpotentialtheasarises
field.collectorunscreenedthe

fororiginthefromstartedsimulationscontinuationofresultstheshows29Fig.
V DS > 0 velocitysaturationhigherausing, vsat theBoth. V CS and V DS forthresholds

inpointslimitorfoldscausing IV withincrease vsat forreducedarethresholdsThe.
smaller L CH inabovedescribedthosetosimilararedependenciesThese30.Fig.see,

transientaofspeedrampcriticalthewithconnection V CS inducetorequiredexcitation
stablethe d atstate V DS = 0.

artificialsomewhattheofspiteIn v (F ) and T e(F ) canitsimulation,theinassumed
RSTthepastobservedstepsnonlineartheofcausethethatconcludedsafelybe

Transientcontinuation.bypredictedfoldsandloopstheareexperimentsinthreshold
29Fig.in(e.g.foldsthatindicateproceduresmeasurementtocorrespondingsimulations

for V CS = 3.0 transitionstatethewhereofPredictionslength.sometofollowedbecanV)
dccompletefromaccuratelyextractedbecanoccurwill IV mustanalysisthisbutmaps,

circuitexternalaswellasterminalsallateffectsNDRofconsiderationinclude
configurations.†

________________

ofcontinuitytheforbasisphysicaltheiswhatunderstandtointerestingverybewouldIt† W tot noted
footnotetheand13bFig.seecharacteristics,CHINTexperimentalintransitionsmanyatempirically

(6).Eq.below
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29Fig. CHINT: I D-V DS aascharacteristics
offunction V CS (L CH = 5 µm, d B = 0.2 µm,

v sat = 2 × 107 cm⁄ onlyshownareResultss).
thefor V DS > thefrominitiatedbranches0

origin.

30Fig. CHINT: I D-V DS aascharacteristics
offunction V CS (L CH = 2 µm, d B = 0.2 µm,

v sat = 1 × 107 cm⁄ onlyshownareResultss).
thefor V DS > thefrominitiatedbranches0

origin.

ResultsSimulationtheofSummary6.3

complicatedpossesstransistorsinjectionchargeThe – multiply-connectedoften –
IV highsufficientlyaofApplicationcharacteristics. V DS fixedaat V CS > 0 aforces

domain.electronhotaofformationthebyaccompaniedtransition,switching
atoelectronsofratesupplyfinitethewhenformdomainsthePhysically, " spothot " is

fringingtheunscreendomainsdepletedThespot.thatfromfluxRSTthebyexceeded
(field "normally" collectorbecomesRSTtheandelectrons)channelbyscreened

controlled.
peculiartheironbasedbetolikelyaredevicesRSTofapplicationsPotential

inupshowssymmetrysameThepolarity.fieldheatingthetorespectwithsymmetry
deviceRSTmultiterminalaofStatesformation.domainhot-electrontheofanalysisthe

arebiasgeneralunder "adiabatically" theofstatesanomalousthetoconnected
atconfigurationsymmetric V D = 0 potentveryprovetolikelyisanalysissymmetryThe.

2b,Fig.ofgateORNANDtheassuchgeometry,complicatedmoreofdeviceswith
isgroupsymmetrywhose C 3 v atoccurthatPhenomena. V DS = 0 essentialthecapture

general.indomainsRSTthewithassociatedphysics
modeltransportausingoutcarriedbeenhaveabovedescribedsimulationsThe

mobilitydifferentialnegativeafromresultinginstabilitiesusualtheeliminateswhich
verifiedbeenhaveresultsTheexcluded).artificiallybeenhaslatter(the 23 remainto

InGaAs.forappropriatemodelvelocity-fieldrealisticmoreawithvalidqualitatively
2,Fig.inthoselikestructure,deviceRSTparticularaofsimulationquantitativeaFor

anomaliesnoveltheHowever,model.transportrealisticaneedclearlywouldone
inreproducedqualitativelybecan6,Sect.indiscussed any channelallowsthatmodel

flux.RSTtheincludesself-consistentlyandheatedbetoelectrons
methodscontinuationofusetheisanalysisabovetheoffeatureessentialAn

theSlicingspace.phasedevicefulltheofinspectiontheallowwhich I D (V D, V C) surface
differentat V C inresults I D (V D) evolvefieldsinternalThetopologies.differentofcurves

connectedaalongsmoothly I D (V D) aofapproachthesignalnotdoandtrajectory
oftypeglobalthegivesuccessfullymappingsPhase-spacetransition.switching

thetoasguessunerringangiveusuallytheyMoreover,information. stability givenaof
understandingThesimulations.transientcostlierbysupportedsubsequentlystate,

thetotransistorsRSTofapplicationtheininvaluablebewillfashionthisingained
systems.high-performanceofdesign
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CONCLUSION7.

leight-emittingnovelofimplementationtheandprinciplethediscussedhaveWe
independentlybetweenhot-electronsoftransferreal-spacetheonbaseddevices,logic

thatdevice,logicmultiterminalmonolithicAlayers.complementarycontacted
Thedescribed.beenhasgate,ORNANDanaselectricallyandopticallybothfunctions

thebothexhibitsheterostructure,InGaAs/InAlAs/InGaAsaninimplementeddevice, or
theand nand outputtheeitherinterminals.inputthreetheoftwoanyoffunctions

arebutlayoutthebyfixednotarefunctionsThesepower.outputopticaltheorcurrent
(thirdtheonvoltagethebyinterchangeable "control" controltheofChoiceterminal.)

powerfulsuchwithdevicelogicuniqueaisThisarbitrary.moreover,is,electrode
circuitaofcoursetheinreprogrammableelectricallyisfunctionitscapabilities;

operation.
thansmallermuchisdiscontinuitybandvalencetheusedheterostructuretheIn

thetodueiscurrentnon-RSTparasitictheofmostandbandconductiontheinthat
thefromholesofinjection p theintolayercollector-type n atoDueemitter.-type

activetheconfininglayerInAlAswide-gapawithstructurecollectordesignedspecially
highermuchiscollectortheincarriersminorityofefficiencyradiativethelayer,InGaAs

andnon-radiativerelativelycurrentleakagethemakesThisemitter.theinthatthan
temperature.roomatperformancelogicopticaltheenhancessubstantially

atosimilarsource,light-emittingincoherentanisdevicedemonstratedThe
frequencytheimproveandpoweroutputitsincreasetoorderInLED.conventional

opticalresonantainemissionstimulatedtheofadvantagetakemustweperformance,
density,currentinjectionhighThecavity. J C >∼ kA25 ⁄cm2 devicepresenttheinobtained,

longconventionalinthattocomparableefficiency,radiativeinternalhighitsand
transferreal-spaceaofimplementationfuturetheforpromisingareLED’s,wavelength

laser.logic
nonlinearcomplicatedashowdeviceslogicRSTtheoptically,andelectricallyBoth

ondependencesstateinternaltheininstabilities,novelofvarietyaincludingbehavior,
usetotheoretical,andexperimentalbothrequired,isworkMuchvoltages.inputthe

functionalfastofimplementationtheforfashioncontrolledaininstabilitiesthese
devices.
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