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ABSTRACT

studies,Thesetransistors.injectionchargeofpropertiessymmetrytheofstudiestheoreticalrecentreviewWe
energyelectrontheself-consistentlyincorporatesimulation,devicetransientandmodelingcontinuationonbased

arevealsphase-spacedevicefulltheofInspectioninterfaces.heterojunctionovercurrentstransferreal-spaceand
ofnoveltystrikingaandinstabilitiesofvariety multiply-connected foundhaveWecharacteristics.current-voltage

emitterthebetweenvoltageanyofabsencetheinoccursinjectionhot-electronwhichinstatessteadyanomalous
alsobutstationaryonlynotarewhichofsomestates,theseInelectrodes. stable smalltorespectwith

anomaloustheofSomeelectrode.collectorthefromfieldfringingthetodueisheatingelectrontheperturbations,
theelucidatesstudyThemidpoint.atchannelthetonormalplanetheinsymmetryreflectionthebreakstates

transfer.real-spaceindomainshot-electronofformation

INTRODUCTION

transistorinjectionchargeThe 1 theonoperateswhichdeviceheterojunctionthree-terminalaisCHINTor
transferreal-spaceofprinciple 2 theintobarrierenergyanoverfield,lateralabyheatedelectrons,of(RST)

device,theofstructureschematicashows1Figurelayer.adjacent 3 Intheinimplemented .53Ga.47As/In.52Al.48As
(layeremitterTheInP.tolattice-matchedheterosystem, d contacts,twohas) S and D hot-aofroletheplaysand,

(layercollectorThecathode.electron a (barrierpotentialabyemitterthefromseparatedis) c actionTransistor).
currentinjectiontheofcontroltheinconsists IC voltagetheby VDS betweenapplied, S and D.
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1Fig. real-space-transferaofCross-section.
implementedtransistor 4 InGaAs/InAlAsthein

InP.tolattice-matchedheterostructure
layercapheavily-dopedepitaxially-grownThe f,

theforming S and D lithographicallyiscontacts,
layeretch-stoptheusingpatterned e.
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studies.experimentalofseriesainemployedbeenhavevariationsitsand1Fig.inshownstructureThe 54,

CHINTExperimental IV resistancedifferentialnegativestrongaincludingnonlinear,extremelyarecharacteristics
thein(NDR) ID (VD simulations(MC)CarloMonte2.Fig.cf.steps,sharpwithdependence) 6 CHINT,theof

positiveatodueariseinstabilitiesThesedomains.high-fieldofformationtheandswitchinginternaldemonstrate
measurementsexperimentalBothchannel.emittertheinfieldelectricheatingtheandRSTthebetweenfeedback

tracingofrestrictionthetodueeffectsRSTanalyzinginlimitedbeenhavecalculationsMCand IV characteristics
RSTtheofunderstandingtheinprogressrecentreviewsworkpresentTheincrements.voltageinexclusively

simulation.devicetransientandmodelingcontinuationofhelpthewithachievedinstabilities
limitations.deviceunderstandingforimportantistransistorsRSTindomainshot-electronofstudyThe

linearaasusedbecanCHINTwhererangetherestrictscollectorthetocontrolelectron-heatingtheofSwitching
oftimethebyonlylimitedbetobelievedismodeusualitsinCHINTofperformancefrequencyTheamplifier.

thickness.barrier-layertheorderofdistancesoveri.e.,device,theofregionshigh-fieldoverelectronshotofflight
forlimitupperthesetswhichps,2-3orderofbetoestimatedbecantimetransitthe1,Fig.indevicetheFor

microwavethefromextrapolatedfrequencies,cutoffTheGHz.50aroundatfrequenciescutoffunity-gain
structure,thisinparametersscatteringofmeasurements 5 gain.powertheandcurrentthebothforGhz40were

theiscollectorthewhichinstructureCHINTinvertedanwithachievedbecanperformancespeedultimateThe
layer.top 87, ofusethethereforeandcapacitancedrain-collectorparasitictheofreductiontheallowsThis

field-effectaoutperformtoexpectedbecanCHINTthebarriers,narrowsufficientlyWithbarriers.narrower
small-signalthebecauseetc.)gate,FETthetocorrespondingcollectorRST(thegeometrysimilaroftransistor

limitednotisCHINTofperformance 1 advantageThisdrain.theandsourcethebetweenflightoftimetheby
experimentally.demonstratedrecentlywas 8 FET-like,longer,abetoseemsitselfformationdomaintheHowever,

process.
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2Fig. CHINTInGaAs/InAlAsExperimental. IV (a)characteristics T = (b)6.5K T = al.etMensz(After300K. 4)

uniquetheironbasedbetoexpectedaredevicesRSTofapplicationspotentialinterestingmostthePerhaps
propertysymmetry current(collector)outputtheofdirectionthe: IC theofpolaritytheofirrespectivesametheis

voltage(heating)input VDS incurrentoutputthethatimpliestransistors,otherinunavailablesymmetry,This.
signalsinputtheoffunctionORexclusiveanisCHINT IC = xor (VS , VD collectortheindeviceloadaWith.)

isvoltageoutputthecircuit, VOUT = xnor (VS , VD proposedhaveweMoreover,.) 9 thecalleddevice,logicnewa
inputslogicsymmetricthreehasthatNORAND, Xj (j = outputoneand3)2,1, VOUT bygiven

norand ({ Xj} ) = ( X1 ∩ X2 ∩ X3 ) ∪ ( X
__

1 ∩ X
__

2 ∩ X
__

3 (1),)
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symbolsthewhere ∩ , ∪ and, A
__

functionslogicforstand and, or and, Anot NORANDTherespectively.,
asoperates nor (X1, X2) = X1 ∪ X2

________
thewhen X3 isinput low, X3 = logic 0 asand and (X1, X2) = X1 ∩ X2 when

X3 = logic 1 Theoperation.circuitaofcoursetheininterchangeableareANDandNORfunctionslogicThe.
experimentally.demonstratedbeenhasfunctionNORAND 10

inariseopportunitieslogicSimilar optoelectronic ofRSTtheonbasedtransistorsinjectioncharge minority
type.conductivitycomplementaryoflayercollectoraintocarriers 11 asuchofcross-sectiontheshows3Figure

al.etMastrapasquabyimplementedrecentlydevice 12 arecharacteristicslight-voltageandcurrent-voltageIts
theexhibitsandcurrentRSTthetracksfaithfullyoutputLight4.Fig.indisplayed xor (VS , VD Thefunction.)

efficiencyquantuminternal η ondependsRST)byinjectedelectronsofnumberperemittedphotonsof(number
temperaturelatticethe T lowerat90%exceedingenergy,injectionelectrontheand T hasemissionlightEfficient.

functionthatproposedbeenhavelasersemittingsurfaceMoreover,temperature.roomatdemonstratedbeenalso
output.opticalanwithgateslogicOR-NANDprogrammableelectricallyas 11
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3Fig. complementary-collectortheofCross-section.
RSTlight-emittingatransistor:charge-injection

al.etMastrapasqua(afterdevice 12)

4Fig. opticalandlines)(solidCurrent-voltage.
theofcharacteristicsline)(dashedpower-voltage

inratioon/offThedevice.RSTlight-emitting Pm

10exceeds 4.

Thetransistors.RSTofpropertiessymmetrytheonattentionourfocusedhasNORANDofinventionThe
statesHencechannel.tonormalmidplanetheinreflectionstorespectwithsymmetricisstructureCHINTbasic

[biasexternalanatdevicetheof VD , VC [atthosetorelatedare] −VD (, VC −VD atstatesparticular,In].)
VD = discoveryrecentunexpectedAnpartners.broken-symmetrypossessorsymmetricbeeithermust0 13 theis

alsobutstationaryonlynotarewhichofsomestates,suchofnumberaofexistence stable smalltorespectwith
theseInperturbations. "anomalous" states,14 collectorthefromfieldfringingthetodueisheatingelectronthe

atdomainshot-electronofformationthethatshowsstudyOurelectrode. VD > atotransitionarepresents0
atstatesanomaloustheofonetorelatedcontinuouslyisthatstatecollector-controlled VD = ofUnderstanding.0

functionality.enhancedanwithdevicesRSTnovelofinventionthestimulatemayprocessesthese
arestructureRSTthree-terminalaintransporthot-electrontheofsimulationnumericalourofResults

devicethevaryingperformed,beenhavesimulationsCHINTtwo-dimensionalofnumberAbelow.reviewed
length(channelgeometry LCH thicknessbarrierand dB conditions.biasexternaltheandparameters,transport),

investigated.beenhaveproblemstime-dependentandstationaryBoth
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MODELMATHEMATICAL

carrierfortermsincludedirectlymusteffectstransferreal-spaceforaccounttoattemptswhichmodelAny
tracingforessentialisconditionsboundaryNeumannofformsomespecifytoabilitytheFurther,heating.

multivaluedarbitrary, IV devicegeneral-purposethebymetarerequirementstheseofBothcharacteristics.
PADREsimulator 15 equation.Boltzmanntheofmomentsfromderivedequationsdifferentialpartialsolveswhich

systembalanceenergytheusedhavewefollowing,theIn 1716, potentialelectrostatictheoftermsindefined, ψ the,
densityelectron n temperatureelectrontheand, T e follows:as

∇ . ( ∇ψε ) −= q ( p − n + N (2))

∂t
∂ (qn)______ ∇= . J (3)

∇ . S = J . F −
2

3 n____
τe

k (T e − T)__________ −
2
3__

∂t

∂ ( kTn e)________ . (4)

densitycurrentelectronThe J fluxenergyand S bygivenare

J = q µ n F ∇µ+ ( kTn e (5))

S −=
2
5__

q

Tk e_____ 
 J κ+ 0 µ n ∇ kT e


 . (6)

(2)Eqs.In – (6), q charge,electronictheis p offunction(adensityholetheis ψ), k constant,Boltzmann’sis ε is
permittivity,the µ mobility,theis τe time,relaxationenergytheis κ0 conductionheatdimensionlessais

andcoefficient, F variations).band-gaplocalfrom(i.e.,quasi-fieldsincludingforce,drivingcarriertheis
nonplanararbitrary,intodomaindeviceadecomposesPADREstructure,dataelement-basedanThrough

locationsingleaatabruptlyterminatecanheterointerfacesofnumberanyinstance,forregions;ofconfigurations
e.g.dependencies,modelandmateriallocalhavecanelementeachofverticiestheatData(node). µ, ε, τe and, k 0

concentrationimpurityThe(2)-(6).Eqs.in N anyacrossabruptlychangetoallowedarevariablessolutionand
andlevelquasi-Fermitheanalysis,thisIninterface.heterostructure T e introducingthuscontinuous,assumedare

a T e densityelectronlocalonconditioninterfacetheindependence n conditionthisstatistics,Boltzmannfor;
toreduces

n (m 1)
n (m 2)
______ =

NC
(m 1)

NC
(m 2)

______ exp




−
kT e

∆EC(m 2−m 1)_____________




(7)

materialsbetweeninterfaceanat m and1 m where2, ∆EC andoffsetbandconductiontheis NC therepresents
includedandthermionicisbarriersenergyatdensitycurrentRSTthethatimplyrelationsThesestates.ofdensity

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

temperature-fieldand T e(F differentialnegativewithconfusionavoidToslabs.homogeneousforrelations)
awithhereusedbeenhaselectronsofpopulationsingleatransfer,spacemomentumfromarisingeffectsmobility

monotonic v (F) µ= 0F [1 + (µ0 v/F sat)2]−1/2 relation18 thewithtogether T e(F abyimplied) T e-independent
diffusivity19 consistentaand 16 κ0 moreforsimilarqualitativelyremainresultsourthatcheckedhaveWe.
realistic v(F), T e(F Otherexcluded.wereeffectstunnelingandionizationimpactreasons,similarFor).

theisimportancecriticalOfpossible.asexactlyassystemInGaAs/InAlAsthematchtoselectedwereparameters
astakenheight,barrier ∆EC = mobilityfieldlowtheeV;0.5 µ0 ionizedlocaltheoffunctionaassumedwas

thatsuchconcentrationimpurity µ0 ∼∼ 104 cm2 /V. emitter.theinsec
complexthetracetoorderIn IV boundarycurrent/voltagemixedapplytonecessaryisitbelow,showncurves

continuationpredictor-correctorusedhaveWeconditions. 20 pseudo-arclengthaonbased σ purpose.thisfor
typicallyequation,auxiliaryalgebraicsingleaofadditiontherequiresmethodcontinuationtheComputationally,

(currentandvoltagetheoftermsinwritten Vj , Ij (tangentunittheand) V
.

j , I
.
j curvetheonpointknownaat) j.
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where(e.g.pointslimitdetecttousedbealsocantangentunitThe V
.

= or0 I
.
= guessinitialanpredicttoand0)

pointbiassubsequentthefor j + onconditionauxiliaryassociatedandmethodcontinuationtheillustrates5Fig.1.
here.usedpseudo-arclengththe

j

j+1

δ
j+1

∆σ j

5Fig. toappliedcontinuationPredictor-corrector:
pointsconsecutivebetweenstep j and j + anon1 IV

isequationauxiliarycorrespondingThecurve.
I
.
j (I − Ij) + V

.
j (V −Vj) − ∆σj = 0

steppseudo-arclengthnextthewhere ∆σj +1 is
user-specifiedabycontrolledautomatically
projectiontangentialtheoferrortheontolerance δj .

DOMAINSRSTOFFORMATIONANDSYMMETRYBROKEN

Ramping.Rapid withdeviceaofsimulationtime-dependentaillustrates6Figure LCH = 5 µ andm dB = 0.2 µm.
Both S and D whilegrounded,keptareelectrodes VC to0fromrampedlinearlyis VC = theonDependingV.2

timeramping τ forstates:twoofoneinsettlesdevicethe τ > τcr normaltheisit 14 forwhereasstate, τ < τcr the
whichatratethebydeterminedisspeedrampingcriticalThe6a).(Fig.currentRSTlargeacarriesstatesteady

ofvalueTheelectrons.channelbyscreenedis6b)(Fig.fieldfringingincreasingthe τcr ∼∼ roughlyps32.3
fromtravelelectronoftimethetocorresponds S and D channel.theofmiddlethetocontacts
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6Fig. withtransistortransferreal-spaceaofsimulationTime-dependent. LCH = 5 µm, dB = 0.2 µ andm,
v sat = 107 fromlinearlyrampedisvoltagecollectorThecm/s. VC = at0 t = to0 V = atV2 t τ= areresultsThe.

situations:twoforplotted =τ ps32.0 < τcr andlines)(solid =τ ps32.5 > τcr lines).(dashed
(a) figureleft currentCollector: IC (t correspondscurveDottedstructure.devicetheofcross-sectionshowsinset;)

height.barriertheincreasingartificiallybyobtainedisitcurrent);displacement(pureRSTaofabsencetheto
(b) figureright distributionPotential: V (x times.selectedatchannelthealong)
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atstateanomalousThe VD = highsufficientlyaforonlyexists0 VC ofvaluetheand, VC
cr thiswhichbelow,

andgeometrydevicetheondependsdisappears,state v sat ofvalueThe. VC
cr ramptheforanddefined,sharplyis

voltageend V above VC
cr hasone, τcr ∝ V relevantthethatindicatesThis7a.Fig.cf.approximation,goodato

(currentdisplacementtheisparametercritical ∝ dt/dV (currenttransientatocomparedbeshouldwhich), ∝ v sat )

|
0

|
1

|
2

|
3

|
4

|
5

|
6

|0

|25

|50

|75

|100 | | | | | | |

|
|

|
|

|

 Maximum collector voltage VC, V

 C
rit

ic
al

 r
am

pi
ng

 ti
m

e 
τ c

r, 
ps

Lch
 

= 5 µm
 

Db
 

= 0.2 µm
 

vsat = 107 cm/s

�

��
�
�
�

�

�

�

�

�  612
�  311
�  312
�  212
�  321
�  322

| | | | | |
1

| | | | | | | | |
10

|1

|
|

|
|

|
|

|
|

|10

|
|

|
|

|
|

|
|

|100

|

| | | | | | | | | | | | | | |

|
|

|
|

|
|

|
|

|
|

|
|

|
|

|
|

|
|
|

|

 Channel length Lch, µm
 C

rit
ic

al
 r

am
pi

ng
 ti

m
e 

τ c
r, 

ps

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

7Fig. atstatestableanomalousstableaofformationtheforspeedrampingCritical. VD = isbiascollectorThe.0
linearlyramped VC = 0 → V intervaltimethein τ For. τ > τcr forstate,normaltheinsettlesdevicethe τ < τcr in

stateisthis8Fig.ofnotationthe(instateanomalousthe d).
(a) figureleft, ofdependenceThe: τcr 5aforvoltageendramptheon µ devicethisFordevice.m VC

cr = V.1.21
(b) figureright, labelscurveThe: VSD (voltageendramptheindicate V (velocitysaturatedthevolts,in) S in)
107 (thicknessbarriertheands/cm D A1000in) ˚ quadraticandlinearindicatelinesstippleanddashedThe.

respectively.dependences,

ofvaluesTheemitter.theinprocessesscreeningelectronwithassociated τcr areps,0.1withintodetermined,
lengthchannelemittertheagainst7bFig.inplotted LCH ofvaluesassumeddifferentfor v sat thicknesses,barrier,

voltagesendrampand V shortFor. LCH dependencethe τcr (LCH longforandquadratic,approximatelyis) LCH

linear.isdependencethe

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

methodcontinuationpredictor-corrector 20 theofcomponentsconnectedshaped,arbitrarilytracecanwe,
thetocorrespond8Fig.incurvesThecomponent.eachwithinstateestablishedanyfromstartingcharacteristic,

(theinpointsoflocus VD, ID givenaatstatesteadyahasdevicethewhichforplane) VC theknowledge,ourTo.
displayed ID (VD characteristic.current-voltageconnectedmultiplyaofexamplefirsttherepresentsdependence)

fieldsstatetheofredistributionglobalarequiresgraphtheofcomponentsdisconnectedbetweentransitionAny
aSuchstructure.theindomainshigh-temperaturehigh-field,ofrepositioningorformationthetocorresponding

asforcedistransition,phaseaofreminiscentredistribution, VD (pointrightmostthebeyondincreases k theof)
component.graphbounded

profilespotentialThe V (x channelthealong) – transitiontheafterandbefore – theOf9.Fig.inshownare
states,collector-controlledthree s, t and, u (samethetocorresponding, VD ∼∼ statetheasbiasexternalV)0.82 k,

(two s and u statetheintooccurstransitionactualThestable.are) u collectortheofvaluehighestthehaswhich
stateinitialthewhichinsimulationtime-dependentabyascertainedbeenhasThiscurrent. k abyperturbedwas

stepsmall VD (k) → VD (k) δ+ VD statetheindomainshot-electronThe. u fieldstrongabycharacterizedare
inrisedramaticabyaccompaniedconcentration, T e thatsodepletedisdomaintheinconcentrationelectronThe.
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negativeainresultingdrain,theofthatbelowgoespotentiallocaltheandunscreenedremainsfieldcollectorthe
ID theonstatesAll. p − u − d tosimilararecomponentcollector-controlledtheofbranch u stable.perfectlyand
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8Fig. byobtainedcharacteristicsCurrent-voltage.
method.continuationthe

9Fig. profilepotentialchannelThe. V (x in)
biasexternalsametheatstatesCHINTdifferent

(VC = ,V2 VD = V).0.825

statethatindicatesThis d oframpingrapidinfoundfirsthadwe(which VC at VD = experimentallyis6)Fig.cf.0,
ofvariationquasi-staticabyaccessible VD fixedat VC stateanomalousstableaofexistenceThe. d aobviouslyis

theoftopologymultiply-connectedtheforconditioninsufficient)(thoughnecessary ID (VD Ascharacteristic.)
isfieldcollectorfringingtheofscreeningandRSTbetweencompetitionthewhenresultsitabove,discussed

theandassumedparameterstransporttheondependshappensthiswhenPreciselyRST.offavorinresolved
geometry.device

statesanomalousUnstable statenormalthetoadditionIn. o stateanomaloustheand d otherthreereveals8Fig.,
(statesanomalous a , b and, c at) VD = profilesThe.0 V (x 10.Fig.inshownarestatestheseinchannelthealong)
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10Fig. fourtheinpotentialchannelThe.
atstatesanomalous VD = 0.
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transformnotmaystatesstationaryactualtheproblem,theofnaturenon-lineartheofbecausethatclearisIt
atbehaviordevicethegoverningequationstheofgroupsymmetrytheofrepresentationsirreducibletoaccording

VD = aformstatestheseorsymmetricfullyeitherisstatesanomaloustheinfieldsinternalofdistributionThe0.
statesThus,operations.symmetrytheunderanotheroneintotransformandpartnersofset a and c under

Onrepresentations.linearone-dimensionalonlyhasgroupthethoughevenother,eachintotransformreflection
stateshand,otherthe o, b and, d theBiasingsymmetric.are D torespectwithelectrode S reflectionthebreaks

loop.theonsymmetrydifferentofstatesbetweentransformationcontinuousaallowsandsymmetry
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11Fig. statesnon-stationarytheofEvolution. c+ andlines)(solid c− atlines)(dashed VD = dependenceTime.0
inshowniscurrentinjectiontheof figureleftthe thewhichatevolution,theintimesselectedthemarksymbols;

inplottedareprofilestemperatureelectron figurerightthe The. "plateau" thein IC (t neardependence) t = ps20
nearalreadyexistsdomainhot-electronfully-developedawhensituationthetocorrespondsevidently D notbut

thenearyet S electrode.

atstatesfivetheOf VD = and0 VC = (twoonlyV,2 o and d perturbations.smalltorespectwithstableare)
atstatessteadytheofvicinitytheinstatesofevolutionthefollowingbyascertainedbeenhasThis VD = In0.

statesinitialthe11,Fig.simulations,these a± , b± and, c± looptheonstateawithcoincidetoassumedbeenhave
fromdisplaced a , b and, c voltageinfinitesimalanbyrespectively,, δVD ±= arestatesthesethoughEvenmV.10

thatfoundweones,stationarycorrespondingthefromindistinguishablevirtually a+ , b− and, c− intoevolved o,
while a− , b+ and, c+ into d electronthetocorrespondingscale,timerapidaondevelopinstabilitiestheseAll.

aof(repositioning)formationtheeitherinresultTheysize.domaintheofordertheofdistancestheovertravel
electrons.channelbyscreeningthetoduequenchcompleteitsordomain,hot-electron

ascertainedbeusuallycanstategivenaofstabilityofquestionthethatNote without time-dependentcostly
simulations – diagramsphasetheinspectingby ID (VC,VD and) IC (VC,VD ofinstabilityThebelow.discussed)
states a and c theinNDRawithassociatedis IC (VC dependence,) ∂IC /∂VC < ofthatand,0 b bothwith
∂IC /∂VC < and0 ∂ID /∂VD < found.beenyethasrulethistocounterexampleNo.0



States...Collector-ControlledPintoM.&LuryiS. 9

characteristics.current-voltageCHINTofmappingsDC shows12Fig. ID (VDS atdevicesingleaforcharacteristics)
T = (voltagescollectorfixedofseriesausingK300 VCS numerousshowscharacteristicstheofexaminationClose).

lowatFETmodeaccumulationanasBeginningtransformations.topological VCS (< RSTofonsetthe1.0V),
theinregionNDRslightaofformationtheinitiates +VDS (direction ∼∼ higherAt1.0V). VCS beginfoldsseparate,

bothforappearto VDS > and0 VDS < Atconnected.singlyremaincurvesthealthough0, VCS ∼∼ a1.2V,
minimumabyboundedsurfaceatocorrespondingplane,left-handtheinappeartobeginsloopdisconnected VCS

(13Fig.inshownAs12.Fig.inspace3Dthein VCS = emanatingfoldneedle-liketheandloopclosedthisV),1.5
planeright-handtheinnotch‘‘S-shaped’’theandopen,tocontinuebothplaneleft-handtheofbottomthefrom

frombackwardstracingbyreachedknee(the VDS ∞+= asleftwardmoves) VCS Byincreases. VCS = theV,1.6
iswhichcomponentconnectedsinglyaandorigin,theincludeswhichloopaintotransformedischaracteristic

sametheessentiallymaintaincomponentstwoTheseloop.thewithintersectionsorfoldsnohasbutmultivalued
largerfortopology VCS (inseparationtheiralthough I,V 8.Fig.cf.increases,)

-2

2 1

2

-0.3

 0.1

V
DS (Volts) VCS(Volts)

ID
(mA/µm)

12Fig. CHINT: ID-VDS forcharacteristics
1.0V ≤ VCS ≤ (2.0V LCH =5µm, dB =0.2µm,
v sat =1×107 atsimulationsrepresentCurvess)./cm
constant VCS byseparated ∆VCS =0.1V.

anomalousofmultiplicitytheNote VDS = atgeneral,Instates.0 VDS = numberoddanexpectcanwe,0 m S of
numberevenanandstatessymmetric mA oneonlyandonebealwaysshouldtherebecauseones,asymmetricof

(theinpathunbounded VDS , ID Varyingpairs.incomestatesasymmetricsymmetry,bywhile,plane,) VCS we,
(withcasesrealizetoablebeenhave m S, mA) = ofvariationcontinuousaIn4).(5,and4),(3,2),(3,,0)(3,,0)(1,

VCS thewhensituationaatarrivecourse,ofcan,one ID (VDS thetouchesonlycurve) VDS = withoutaxis0
ofnumbertotaltheandstates,symmetrictwoofdegeneracyaccidentalanistherepointsingularthisAtcrossing.

even.becomesstatessymmetricdistinct
theofbranchesdisconnectedtopologicallytobelongmaypartnerssymmetrytheInterestingly ID−VDS

incurveouterconnected,singlythealongstatesasymmetricunpairedofexistencethefactinisItcharacteristic.
origin.thefromdisconnectedloop,theofdiscoverythetousledhasthat13Fig.

theofmapashows14Figure IC-VDS thetocorresponding, ID-VDS completelytheyTogether,13.Figs.inplot
sincestatedevicethedefine IC = IS + ID ofslicesAlthough. IC-VDS givenaforspace VCS symmetric,notare

bydefinedspace3Dtheinsymmetryisthere IC(−VDS , VCS −VDS) = IC(VDS , VCS iscurrentcollectortheSince.)
ofplotstransformation,symmetrytheunderinvariant IC-VDS Points14.Fig.cf.self-intersections,manyhave

thewithintersectionsingleabydefined VDS = (statessymmetrictocorrespondaxis0 IC = 2 ID = 2 IS points);
pairs.asymmetricreflective,representintersectionscoincidenttwobydefined
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VCS=1.50V

13Fig. CHINTSingle: ID-VDS fromcharacteristic
for12Fig. VCS = self-abothcontainswhichV1.50

loop.disconnectedaandcomponentintersecting

14Fig. CHINTSingle: IC-VDS forcharacteristic
VCS = thetocorrespondingV1.50 ID-VDS 13.Fig.in

theinexceptthatpropertythehave14,and13Figs.incurvesbyrepresentedthoselikemappings,spacePhase
vectorsstatecloseinfinitesimallytocorrespondpointscloseinfinitesimallytheirself-intersections,ofvicinity z ∈ R

spacemultidimensionalthein R fieldstheall[i.e.devicetheofstatethedescribing, n (x,y), T e (x,y), ψ (x,y etc.].),
(aondistancefiniteabyseparatedpointstrue:alwaysisconverseThe V, I macroscopicallytocorrespondplane)

statesdistinct z state.devicetheofevolutionsmoothcompletelyaproducespseudo-arclengththeinContinuation.
instanceforpoints,limitattransitionsabruptforcesimulations)MC(andmeasurementsexperimentalcontrast,In

k→u as8,Figs.in VDS high-high-field,aofrepositioningorformationthetocorresponding0,fromincreasedis
negativeresultantThedomain.temperature ID at u lowerisdomainelectronhottheinpotentialtheasarises

field.collectorunscreenedthetoduedrain,theofthatthan
fororiginthefromstartedsimulationscontinuationofresultstheshows15Fig. VDS > higherausing,0

vvelocitysaturation sat theBoth. VCS and VDS inpointslimitorfoldscausingforthresholds IV vwithincrease sat.
smallerforreducedarethresholdsThe LCH abovedescribedthosetosimilararedependenciesThese16.Fig.see,

transientaofspeedrampcriticalthewithconnectionin VCS stabletheinducetorequiredexcitation d atstate
VDS = 0.

artificialsomewhattheofspiteIn v(F and) T e(F safelybecanitbelievewepurposes,presentourforassumed)
andloopstheareexperimentsinthresholdRSTthepastobservedstepsnonlineartheofcausethethatconcluded
thatindicateproceduresmeasurementtocorrespondingsimulationsTransientcontinuation.bypredictedfolds

for15Fig.in(e.g.folds VCS = willtransitionstatethewhereofPredictionslength.sometofollowedbecanV)3.0
dccompletefromaccuratelyextractedbecanoccur IV NDRofconsiderationincludemustanalysisthisbutmaps,

configurations.circuitexternalaswellasterminalsallateffects
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15Fig. CHINT: ID-VDS functionaascharacteristics
of VCS (LCH = 5 µm, dB = 0.2 µm, v sat = 2 ×107 s)./cm

theforonlyshownareResults VDS > branches0
origin.thefrominitiated

16Fig. CHINT: ID-VDS functionaascharacteristics
of VCS (LCH = 2 µm, dB = 0.2 µm, v sat = 1 ×107 s)./cm

theforonlyshownareResults VDS > branches0
origin.thefrominitiated

CONCLUSION

complicatedpossesstransistorsinjectionchargethatfoundhaveWe – multiply-connectedoften – IV
highsufficientlyaofApplicationcharacteristics. VDS fixedaat VCS > transition,switchingaforces0

ratesupplyfinitethewhenformdomainsthePhysically,domain.electronhotaofformationthebyaccompanied
atoelectronsof " spothot " theunscreendomainsdepletedThespot.thatfromfluxRSTthebyexceededis

(fieldfringing "normally" controlled.collectorbecomesRSTtheandelectrons)channelbyscreened
thetorespectwithsymmetrypeculiartheironbasedbetolikelyaredevicesRSTofapplicationsPotential

Statesformation.domainhot-electrontheofanalysistheinupshowssymmetrysameThepolarity.fieldheating
arebiasgeneralunderdeviceRSTmultiterminalaof "adiabatically" theofstatesanomalousthetoconnected

atconfigurationsymmetric VD = moreofdeviceswithpotentveryprovetolikelyisanalysissymmetryThe0.
isgroupsymmetrywhoseNORAND,theassuchgeometry,complicated C 3 v thatphenomenathebelieveWe.

atoccur VDS = general.indomainsRSTthewithassociatedphysicsessentialthecapture0
afromresultinginstabilitiesusualtheeliminateswhichmodeltransportausingobtainedwereresultsOur

observationsourallthatverifiedhaveWeexcluded).artificiallybeenhaslatter(themobilitydifferentialnegative
quantitativeaForInGaAs.forappropriatemodelvelocity-fieldrealisticmoreawithvalidqualitativelyremain

likewouldwemodel;transportrealisticaneedclearlywouldonestructuredeviceRSTparticularaofsimulation
inreproducedqualitativelybecanworkthisindiscussedanomaliesnovelthethathowever,stress,to any model

flux.RSTtheincludesself-consistentlyandheatedbetoelectronschannelallowsthat
fulltheofinspectiontheallowwhichmethodscontinuationofusetheisanalysisouroffeatureessentialAn

theSlicingspace.phasedevice ID (VD, VC differentatsurface) VC findwe, ID (VD topologies.differentofcurves)
connectedaalongsmoothlyevolvefieldsinternalThe ID (VD aofapproachthesignalnotdoandtrajectory)

theyMoreover,information.oftypeglobalthegivesuccessfullymappingsPhase-spacetransition.switching
thetoasguessunerringangiveusually stability transientcostlierbysupportedsubsequentlystate,givenaof

totransistorsRSTofapplicationtheininvaluablebewillfashionthisingainedunderstandingThesimulations.
systems.high-performanceofdesignthe
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