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Introduction

transferreal-spaceofconceptThe 1 narrowainelectronswhichinprocessthedescribes(RST)
averagehighacquirelayer,thetoparallelfieldelectricanbyacceleratedlayer,semiconductor

(becomeenergy "hot" Thislayer.adjacenttheintobarrierenergyanoverspillthenand)
chargethecalleddevice,heterojunctionthree-terminalaofoperationtheunderliesprinciple

CHINT.ortransistorinjection 32, inimplementeddevice,thisofstructuretheshows1Figure
(layeremitterTheInP.tolattice-matchedheterosystem,InGaAs/InAlAsthe d twohas)

contacts, S and D (layercollectorThecathode.hot-electronaofroletheplaysand, a is)
(barrierpotentialabyemitterthefromseparated c ofcontroltheinconsistsactionTransistor).

currentinjectionthe IC voltagetheby VD betweenapplied, S and D.
ofseriesainemployedbeenhavevariationsitsand1Fig.inshownstructureThe

studies.experimental 54, non-linearhighlytoleadsinjectionchargeofonsettheTypically,
thein(NDR)resistancedifferentialnegativestrongaincludingeffects, ID (VD dependence)

domains.high-fieldofformationtheandswitchinginternalanofindicativestepssharpwith
electricheatingtheandRSTthebetweenfeedbackpositiveatodueariseinstabilitiesThese

hasprocessestheseofunderstandingtheinprogressSignificantchannel.emittertheinfield
achievedbeen 6 simulation.devicetransientandmodelingcontinuationofhelpthewith
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1Fig. real-space-aofCross-section.
implementedtransistortransfer 4 thein

In.53Ga.47As/In.52Al.48 heterostructureAs
InP.tolattice-matched

capheavily-dopedepitaxially-grownThe
layer f theforming, S and D iscontacts,

helpthewithlithographicallypatterned
layeretch-stoptheof e.

uniquetheonbasedcontemplatedbeenhaveapplicationsfunctionalofnumberA
wasapplicationssuchofscopetheRecently,devices.RSTthree-terminalofcharacteristics

inventionourbyexpanded 7 ItsNORAND.thecalledstructure,devicemultiterminalnewaof
ofdirectiontheRST:byinjectionchargetheininherentsymmetrybasictheembodiesprinciple

Thevoltage.heatingtheofpolaritytheofirrespectivesametheiscurrentcollectorthe
logicANDtheandNORthebothperformsandinputslogicsymmetricthreehasNORAND

functions – beenhasoperationThisoperation.circuittheofcoursetheininterchangeably
experimentally.demonstrated 3 theonattentionourfocusedhasNORANDofinventionThe

transistors.RSTofpropertiessymmetry
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normalmidplanetheinreflectionstorespectwithsymmetricisstructureCHINTbasicThe
[biasexternalanatdevicetheofstatesHencechannel.to VD , VC atthosetorelatedare]

[ −VD (, VC −VD atstatesparticular,In].) VD = possessorsymmetricbeeithermust0
discoveryrecentunexpectedAnpartners.broken-symmetry 6 ofnumberaofexistencetheis

alsobutstationaryonlynotarewhichofsomestates,such stable smalltorespectwith
theseInperturbations. "anomalous" states,8 fieldfringingthetodueisheatingelectronthe

atdomainshot-electronofformationthethatshowsstudyOurelectrode.collectorthefrom
VD > onetorelatedcontinuouslyisthatstatecollector-controlledatotransitionarepresents0

atstatesanomaloustheof VD = thestimulatemayprocessestheseofUnderstanding.0
functionality.enhancedanwithdevicesRSTnovelofinvention

understandingforimportantalsoistransistorsRSTindomainshot-electronofstudyThe
therestrictscollectorthetocontrolelectron-heatingtheofSwitchinglimitations.devicethe

CHINTofperformancefrequencyTheamplifier.linearaasusedbecanCHINTwhererange
overelectronshotofflightoftimethebyonlylimitedbetobelievedismodeusualitsin

theForthickness.barrier-layertheorderofdistancesoveri.e.,device,theofregionshigh-field
upperthesetswhichps,2-3orderofbetoestimatedbecantimetransitthe1,Fig.indevice

extrapolatedfrequencies,cutoffTheGHz.50aroundatfrequenciescutoffunity-gainforlimit
structure,thisinparametersscatteringofmeasurementsmicrowavethefrom 5 forGhz40were

withachievedbecanperformancespeedultimateThegain.powertheandcurrenttheboth
layer.toptheiscollectorthewhichinstructureCHINTinvertedan 9 reductiontheallowsThis

Withbarriers.narrowerofusethethereforeandcapacitancedrain-collectorparasitictheof
transistorfield-effectaoutperformtoexpectedbecanCHINTthebarriers,narrowsufficiently

small-thebecauseetc.)gate,FETthetocorrespondingcollectorRST(thegeometrysimilarof
theandsourcethebetweenflightoftimethebylimitednotisCHINTofperformancesignal

drain.10 process.FET-like,longer,abetoseemsitselfformationdomaintheHowever,
RSTthree-terminalaintransporthot-electrontheofsimulationnumericalourofResults
aremethodscomputationalandprogramtheofDetailsbelow.reviewedarestructure

elsewheredescribed 1211, paper.accompanyingtheindiscussedfurtherand 13

domainshot-electronofformationtheandbreakingSymmetry

heterostructure,InGaAs/InAlAsanofchoicespecificatocorrespondresultspresentedThe
InofheightThe1.Fig.inasInP,tolattice-matched .52Al.48 theseparatingbarrier,As

In.53Ga.47 hot-localtheforModelseV.0.5equaltakenislayers,collectorandchannelAs
mobilityelectron µ (T e timerelaxationenergytheand) τE (T e uniformainthatsochosenare)
field,electric F velocity-fieldgivenaobtainsone, v (F temperature-fieldand) T e (F)

(driftaofconsisttoassumedisdensitycurrentThecharacteristics. en ∇µ
→

V aand)
(thermodiffusion ∇µ

→
[nkT e wherecomponents,]) n andconcentrationelectrontheis V the

andlevelquasi-FermiThepotential.electrostatic T e allatcontinuousassumedare
includedandthermionicisdensitycurrentRSTthethatimpliesthisinterfaces;heterostructure

NDRfromresultsourdisentangletoorderInequations.continuitytheinself-consistently
thechosenhavewetransfer,momentum-spacethefromarisingeffects v (F aindependence)

formsimple v µ= 0 F [1 + (µ0 v/F sat)2]−1/2 room-temperaturelow-fieldthebyparameterized,
mobility µ0 velocitysaturationtheand v sat moreaforsimilarqualitativelyremainresultsOur.
realistic v (F havewediscussion,thesimplifyfurtherToInGaAs.forappropriatemodel,)

ofnumberaperformedhaveWetunneling.andionizationimpactofphenomenatheexcluded
length(channelgeometrythevaryingsimulations, LCH thicknessbarrierand dB transportthe),

parameter v sat conditions.biasexternaltheand,
withdeviceaofsimulationtime-dependentaillustrates2Fig. LCH = 5 µ andm dB = 0.2 µm.

Both S and D whilegrounded,keptareelectrodes VC to0fromrampedlinearlyis VC = V.2
timerampingtheonDepending τ forstates:twoofoneinsettlesdevicethe τ > τcr theisit

normal12 forwhereasstate, τ < τcr The2a).(Fig.currentRSTlargeacarriesstatesteadythe
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2b)(Fig.fieldfringingincreasingthewhichatratethebydeterminedisspeedrampingcritical
ofvalueTheelectrons.channelbyscreenedis τcr ∼∼ oftimethetocorrespondsroughlyps32.3

fromtravelelectron S and D channel.theofmiddlethetocontacts
atstateanomalousThe VD = highsufficientlyaforonlyexists0 VC ofvaluetheand, VC

cr,
andgeometrydevicetheondependsdisappears,statethiswhichbelow v sat ofvalueThe. VC

cr

voltageendramptheforanddefined,sharplyis V above VC
cr hasone, τcr ∝ V goodato

theisparametercriticalrelevantthethatindicatesThis3a.Fig.cf.approximation,
(currentdisplacement ∝ dt/dV (currenttransientatocomparedbeshouldwhich), ∝ v sat )
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2Fig. aofsimulationTime-dependent.
withtransistortransferreal-space

LCH = 5 µm, dB = 0.2 µ andm,
v sat = 107 isvoltagecollectorThecm/s.

fromlinearlyramped VC = at0 t = to0
V = atV2 t τ= plottedareresultsThe.

situations:twofor =τ ps32.0 < τcr (solid
andlines) =τ ps32.5 > τcr lines).(dashed

(a) figuretop, currentCollector: IC (t ;)
devicetheofcross-sectionshowsinset

tocorrespondscurveDottedstructure.
displacement(pureRSTaofabsencethe

artificiallybyobtainedisitcurrent);
height.barriertheincreasing

(b) figurebottom, distributionPotential:
V (x times.selectedatchannelthealong)
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3Fig. theforspeedrampingCritical.
stableanomalousstableaofformation

atstate VD = isbiascollectorThe.0
linearlyramped VC = 0 → V timethein

interval τ For. τ > τcr settlesdevicethe
forstate,normalthein τ < τcr thein

stateanomalous d 4).Fig.(cf.
(a) figuretop, ofdependenceThe: τcr on

5aforvoltageendrampthe µ device.m
ofvalueThe VC

cr isdevicethisfor
V.1.211

(b) figurebottom, labelscurveThe: VSD
(voltageendramptheindicate V volts,in)

(velocitysaturatedthe S 10in) 7 ands/cm
(thicknessbarrierthe D A1000in) ˚ The.

linearindicatelinesstippleanddashed
respectively.dependences,quadraticand
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ofvaluesTheemitter.theinprocessesscreeningelectronwithassociated τcr todetermined,
lengthchannelemittertheagainst3bFig.inplottedareps,0.1within LCH differentfor

ofvaluesassumed v sat voltagesendrampandthicknesses,barrier, V shortFor. LCH the
dependence τcr (LCH longforandquadratic,approximatelyis) LCH linear.isdependencethe

atstatesstationarytwothefromStarting VD = thedeterminetoablewerewe0,
characteristics ID (VD and) IC (VD voltagecollectorfixedaat) VC = thetorelativeV2 S

methodcontinuationpredictor-correctoraUsingelectrode. 11 shaped,arbitrarilytracecanwe,
eachwithinstateestablishedanyfromstartingcharacteristic,theofcomponentsconnected

(theinpointsoflocusthetocorrespond4Fig.incurvesThecomponent. VD, ID forplane)
givenaatstatesteadyahasdevicethewhich VC displayedtheknowledge,ourTo. ID (VD)

characteristic.current-voltageconnectedmultiplyaofexamplefirsttherepresentsdependence
redistributionglobalarequiresgraphtheofcomponentsdisconnectedbetweentransitionAny

high-high-field,ofrepositioningorformationthetocorrespondingfieldsstatetheof
transition,phaseaofreminiscentredistribution,aSuchstructure.theindomainstemperature

asforcedis VD (pointrightmostthebeyondincreases k component.graphboundedtheof)
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4Fig. characteristicsCurrent-voltage.
method.continuationthebyobtained
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5Fig. profilepotentialchannelThe. V (x)
sametheatstatesCHINTdifferentin

(biasexternal VC = ,V2 VD = V).0.8246

profilespotentialThe V (x channelthealong) – transitiontheafterandbefore – shownare
states,collector-controlledthreetheOf5.Fig.in s, t and, u samethetocorresponding,

(VD ∼∼ statetheasbiasexternalV)0.82 k (two, s and u occurstransitionactualThestable.are)
statetheinto u ascertainedbeenhasThiscurrent.collectortheofvaluehighestthehaswhich

stateinitialthewhichinsimulationtime-dependentaby k stepsmallabyperturbedwas
VD (k) → VD (k) δ+ VD statetheindomainshot-electronThe. u strongabycharacterizedare

inrisedramaticabyaccompaniedconcentration,field T e theinconcentrationelectronThe.
goespotentiallocaltheandunscreenedremainsfieldcollectorthethatsodepletedisdomain

negativeainresultingdrain,theofthatbelow ID theonstatesAll. p − u − d theofbranch
tosimilararecomponentcollector-controlled u statethatindicatesThisstable.perfectlyand d

oframpingrapidinfoundfirsthadwe(which VC at VD = experimentallyis2)Fig.cf.0,
ofvariationquasi-staticabyaccessible VD fixedat VC anomalousstableaofexistenceThe.

state d multiply-connectedtheforconditioninsufficient)(thoughnecessaryaobviouslyis
theoftopology ID (VD competitionthewhenresultsitabove,discussedAscharacteristic.)

PreciselyRST.offavorinresolvedisfieldcollectorfringingtheofscreeningandRSTbetween
geometry.devicetheandassumedparameterstransporttheondependshappensthiswhen

statenormalthetoadditionIn o stateanomaloustheand d otherthreereveals4Fig.,
(statesanomalous a , b and, c at) VD = profilesThe.0 V (x statestheseinchannelthealong)

actualtheproblem,theofnaturenon-lineartheofbecausethatclearisIt6.Fig.inshownare
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symmetrytheofrepresentationsirreducibletoaccordingtransformnotmaystatesstationary
atbehaviordevicethegoverningequationstheofgroup VD = internalofdistributionThe0.

partnersofsetaformstatestheseorsymmetricfullyeitherisstatesanomaloustheinfields
statesThus,operations.symmetrytheunderanotheroneintotransformand a and c under

linearone-dimensionalonlyhasgroupthethoughevenother,eachintotransformreflection
stateshand,othertheOnrepresentations. o, b and, d theBiasingsymmetric.are D electrode

torespectwith S transformationcontinuousaallowsandsymmetryreflectionthebreaks
veryprovetolikelyisanalysisoftypeThisloop.theonsymmetrydifferentofstatesbetween

symmetrywhoseNORAND,theassuchsymmetry,complicatedmoreofdeviceswithpotent
isgroup C 3 v .
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6Fig. inpotentialchannelThe(above).
atstatesanomalousfourthe VD = 0.

7Fig. non-theofEvolution(right).
statesstationary c+ andlines)(solid c−

atlines)(dashed VD = Time.0
iscurrentinjectiontheofdependence

inshown figuretopthe themarksymbols;
whichatevolution,theintimesselected

areprofilestemperatureelectronthe
inplotted figurebottomthe The. "plateau"

thein IC (t neardependence) t = ps20
situationthetocorrespondsevidently

hot-electronfully-developedawhen
nearalreadyexistsdomain D yetnotbut

thenear S electrode.
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atstatesfivetheOf VD = and0 VC = (twoonlyV,2 o and d smalltorespectwithstableare)
ofvicinitytheinstatesofevolutionthefollowingbyascertainedbeenhasThisperturbations.

atstatessteadythe VD = statesinitialthe7,Fig.simulations,theseIn0. a± , b± and, c± have
fromdisplacedlooptheonstateawithcoincidetoassumedbeen a , b and, c byrespectively,,

voltageinfinitesimalan δVD ±= virtuallyarestatesthesethoughEvenmV.10
thatfoundweones,stationarycorrespondingthefromindistinguishable a+ , b− and, c−

intoevolved o while, a− , b+ and, c+ into d statesofinstabilityThe. a and c withassociatedis
theinNDRa IC (VC dependence,) ∂IC /∂VC < ofthatand,0 b bothwith ∂IC /∂VC < and0

∂ID /∂VD < thetocorrespondingscale,timerapidaondevelopinstabilitiestheseAll.0
theeitherinresultTheysize.domaintheofordertheofdistancestheovertravelelectron

screeningthetoduequenchcompleteitsordomain,hot-electronaof(repositioning)formation
electrons.channelby
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Conclusion

complicatedpossesstransistorsRSTthatfoundhaveWe – multiply-connectedoften – IV
highsufficientlyaofApplicationcharacteristics. VD transition,switchingaforces

whenformdomainsthePhysically,domain.electronhotaofformationthebyaccompanied
atoelectronsofratesupplyfinitethe " spothot " spot.thatfromfluxRSTthebyexceededis

(fieldfringingtheunscreendomainsdepletedThe "normally"8 electrons)channelbyscreened
controlled.collectorbecomesRSTtheand

symmetrypeculiartheironbasedbetolikelyaretransistorsRSTofapplicationsPotential
theofanalysistheinupshowssymmetrysameThepolarity.fieldheatingthetorespectwith
arebiasgeneralunderdeviceRSTmultiterminalaofStatesformation.domainhot-electron

"adiabatically" atconfigurationsymmetrictheofstatesanomalousthetoconnected VD = 0.
atoccurthatphenomenathebelieveWe VD = withassociatedphysicsessentialthecapture0

general.indomainsRSTthe
biasfixedatocorrespondabovediscussedresultssteady-stateAll VC = theSlicingV.2

ID (VD, VC differentatsurface) VC findwe, ID (VD topologies.differentofcurves) 13 The
connectedaalongsmoothlyevolvefieldsinternal ID (VD thesignalnotdoandtrajectory)

oftypeglobalthegivesuccessfullymappingsPhase-spacetransition.switchingaofapproach
thetoasguessunerringangiveusuallytheyMoreover,information. stability state.givenaof
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