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Introduction

CHINTortransistorinjectionchargeThe 1 whichdeviceheterojunctionthree-terminalais
overfield,lateralabyheatedelectrons,of(RST)transferreal-spaceofprincipletheonoperates

CHINTExperimentalbarrier.energyan IV includingnonlinear,extremelyarecharacteristics
1)fig.(seestepssharpand(NDR)resistancedifferentialnegativestrong 2 (MC)CarloMonte.

simulations3 high-fieldofformationtheandswitchinginternaldemonstrateCHINT,theof
limitedbeenhavecalculationsMCandmeasurementsexperimentalbothHoweverdomains.

tracingofrestrictionthetodueeffectsRSTanalyzingin IV inexclusivelycharacteristics
increments.voltage
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1eriguF :

CHINTInGaAs/InAlAsExperimental IV (a)characteristics T =6.5 (b)K T =300K.2

methodscontinuationpredictor-correctorusingBy 4 completelytracetoablebeenhavewe,
CHINTofcomponentsgraphconnectedthe IV adiscoveredhaveweresult,aAsspace.

anomalousofmultiplicity VDS = ofoccurrencefirstthebelievediswhatandstates0 multiply
curvesIVself-intersectingconnected, deviceelectronicanin 65, exhibitmaydevicesNDRKnown.

theinfunctionsmultivalued I (V the(e.g.,dependence) pnpn theindiode), V (I dependence)
tunnelresonantthethyristor,(thebothinevenordiode),Gunnthediode,tunnelEsaki(the

range)intrinsic-bistabilitytheindiode – curvecontinuousaastracedbealwayscanthesebut
(thein V, I qualitativeaprovidesimulationsCHINTourinfoundfoldsandloopsTheplane.)

gainedunderstandingtheFurthermorenonlinearities.observedexperimentallyforexplanation
elements.deviceRSTnewtoleadmayspacephaseoperationalofmappingcompletethrough

onobtainedresultsreviewingBefore IV algorithmsandmodelsmathematicalmappings,
structuredeviceInGaAs/InAlAsThesummarized.brieflyareanalysisCHINTthetosalient

papercompanionaindescribedishereemployed 7 analysisdetailedaonconcentrateswhich
states.controlledcollectoranomalous,theandformationdomainof
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transferreal-spaceofsimulationcontinuousformodelMathematical

includedirectlymusteffectstransferreal-spaceforaccounttoattemptswhichmodelAny
boundaryNeumannofformsomespecifytoabilitytheFurther,heating.carrierforterms

multivaluedarbitrary,tracingforessentialisconditions IV theseofBothcharacteristics.
PADREsimulatordevicegeneral-purposethebymetbecanrequirements 8 partialsolveswhich

wefollowing,theInequation.Boltzmanntheofmomentsfromderivedequationsdifferential
systembalanceenergytheusedhave 109, potentialelectrostatictheoftermsindefined, ψ the,

densityelectron n temperatureelectrontheand, T e follows:as

∇ . ( ∇ψε ) −= q (p −n +N) (1)

∂t
∂n___ =

q
1__ ∇ . J (2)

∇ .S = J .F −
2

3 k___ n
τw

T e − T_______ −
2

3 k___
∂t

∂( Tn e)_______ . (3)

densitycurrentelectronThe J fluxenergyand S bygivenare

J = q µ



n F +

q
k__ ∇ ( Tn e)





(4)

S −=
2
5__

q

Tk e_____ 
 J κ+ 0 k µ n ∇ T e


 . (5)

(1)In – (5), q charge,electronictheis p offunction(adensityholetheis ψ), k Boltzmann’sis
constant, ε permittivity,theis µ mobility,theis τw time,relaxationenergytheis κ0 ais

andcoefficient,conductionheatdimensionless F quasi-includingforce,drivingcarriertheis
variations).band-gaplocalfrom(i.e.,fields

intodomaindeviceadecomposesPADREstructure,dataelement-basedanThrough
canheterointerfacesofnumberanyinstance,forregions;ofconfigurationsnonplanararbitrary,

havecanelementeachofverticiestheatData(node).locationsingleaatabruptlyterminate
e.g.dependencies,modelandmateriallocal µ, ε, τw and, k 0 impurityThe(1)-(5).in

concentration N anyacrossabruptlychangetoallowedarevariablessolutionand
andlevelquasi-Fermitheanalysis,thisIninterface.heterostructure T e assumedare

aintroducingthuscontinuous, T e electronlocalonconditioninterfacetheindependence
density n toreducesconditionthisstatistics,Boltzmannfor;

n (m 2) = n (m 1)

NC
(m 1)

NC
(m 2)

______ exp



−

Tk e

∆Ec(m 2−m 1)____________




(6)

materialsbetweeninterfaceanat m and1 m where2, ∆Ec andoffsetbandconductiontheis NC

energyatdensitycurrentRSTthethatimplyrelationsThesestates.ofdensitytherepresents
self-consistently.includedandthermionicisbarriers

forModels µ and τw offunctionaas T e MC)(e.g.user-definedfromderivedtypicallyare
velocity-field v (F temperature-fieldand) T e(F avoidToslabs.homogeneousforrelations)

atransfer,spacemomentumfromarisingeffectsmobilitydifferentialnegativewithconfusion
v(monotonicawithhereusedbeenhaselectronsofpopulationsingle F) µ= 0F[1+(µ0 /F vsat)2]1/2

relation11 thewithtogether T e(F abyimplied) T e diffusivity-independent 12 consistentaand
κ0

9 v(realisticmoreforsimilarqualitativelyremainresultsourthatcheckedhaveWe. F),
T e(F Otherexcluded.wereeffectstunnelingandionizationimpactreasons,similarFor).

Ofpossible.asexactlyassystemInGaAs/InAlAsthematchtoselectedwereparameters
astakenheight,barriertheisimportancecritical ∆Ec = mobilityfieldlowthe0.5eV; µ0 was

thatsuchconcentrationimpurityionizedlocaltheoffunctionaassumed µ0 ∼∼ 104cm2 V/ . ins
emitter.the
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CHINTcomplexthetracetoorderIn IV mixedausetonecessaryisitbelow,showncurves
continuationpredictor-correctorusedhaveWecondition.boundarycurrent/voltage 4 onbased

pseudo-arclengtha σ therequiresmethodcontinuationtheComputationally,purpose.thisfor
andvoltagetheoftermsinwrittentypicallyequation,auxiliaryalgebraicsingleaofaddition

(current Vj , Ij (tangentunittheand) V
.

j , I
.
j curvetheonpointknownaat) j tangentunitThe.

where(e.g.pointslimitdetecttousedbealsocan V
.

= or0 I
.
= guessinitialanpredicttoand0)

pointbiassubsequentthefor j + associatedandmethodcontinuationtheillustrates2Fig.1.
here.usedpseudo-arclengththeonconditionauxiliary

j

j+1

δ
j+1

∆σ j

2eriguF :
toappliedcontinuationPredictor-corrector

pointsconsecutivebetweenstep j and j +1
anon IV auxiliarycorrespondingThecurve.

isequation
I
.
j (I − Ij) + V

.
j (V −Vj) ∆σ− j = 0

steppseudo-arclengthnextthewhere ∆σj +1

user-abycontrolledautomaticallyis
theoferrortheontolerancespecified

projectiontangential δj.

characteristicscurrent-voltageCHINTofmappingsDC

geometry,devicethevaryingperformed,beenhavesimulationsCHINT2DofnumberA
shows3Fig.conditions.biasandparameterstransport ID(VDS singleaforcharacteristics)

atdevice T = (voltagescollectorfixedofseriesausing300K VCS theofexaminationClose).
accumulationanasBeginningtransformations.topologicalnumerousshowscharacteristics

lowatFETmode VCS (< regionNDRslightaofformationtheinitiatesRSTofonsetthe1.0V),
thein +VDS (direction ∼∼ higherAt1.0V). VCS bothforappeartobeginfoldsseparate, VDS>0

and VDS< connected.singlyremaincurvesthealthough0,

-2

2 1

2

-0.3

 0.1

V
DS (Volts) VCS(Volts)

ID
(mA/µm)

3eriguF :
CHINT ID-VDS forcharacteristics
1.0V ≤ VCS ≤2.0V (LCH =5µm, dB =0.2µm,
vsat =1×107 s/cm representCurves).

constantatsimulations VCS byseparated
∆VCS =0.1V.

At VCS ∼∼ correspondingplane,left-handtheinappeartobeginsloopdisconnecteda1.2V,
minimumabyboundedsurfaceato VCS 4fig.inshownAs3.fig.inspace3Dthein

(VCS = left-theofbottomthefromemanatingfoldneedle-liketheandloopclosedthis1.5V),
knee(theplaneright-handtheinnotch‘‘S-shaped’’theandopen,tocontinuebothplanehand

frombackwardstracingbyreached VDS +∞= asleftwardmoves) VCS Byincreases. VCS =1.6V,
connectedsinglyaandorigin,theincludeswhichloopaintotransformedischaracteristicthe

twoTheseloop.thewithintersectionsorfoldsnohasbutmultivaluediswhichcomponent
largerfortopologysametheessentiallymaintaincomponents VCS inseparationtheiralthough
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VCS=1.50V
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VCS=1.50V

4eriguF :
CHINTSingle ID-VDS fromcharacteristic

for3fig. VCS =1.50 abothcontainswhichV
aandcomponentself-intersecting

loop.disconnected

5eriguF :
CHINTSingle IC-VDS forcharacteristic

VCS =1.50 thetocorrespondingV ID-VDS in

4.fig.

(I,V 6.fig.seeincreases;)
anomalousofmultiplicitytheNote VDS = states0 75, inthatmadebecanconjectureA.

atgeneral, VDS = numberoddanexpectcanwe0, m S numberevenanandstatessymmetricof
mA Varyingones.asymmetricof VCS (withcasesrealizetoablebeenhavewe, m S, mA)
= continuousainthatcourse,ofnoted,beshouldIt4).(5,and4),(3,2),(3,,0)(3,,0)(1,

ofvariation VCS thewhensituationaatarrivecanone ID (VDS thetouchesonlycurve) VDS =0
twoofdegeneracyaccidentalanistherepointsingularthisAtcrossing.withoutaxis
thisWitheven.becomesstatessymmetricdistinctofnumbertotaltheandstates,symmetric

therethatpropositionplausibletheonbasedisconjectureabovethemind,inqualification
(theinpathunboundedoneonlyandonebealwaysshould VDS , ID symmetrytheandplane,)

maypartnerssymmetrytheInterestinglypairs.incomestatesasymmetricthatrequirement
theofbranchesdisconnectedtopologicallytobelong ID−VDS thefactinisItcharacteristic.

that4fig.incurveouterconnected,singlythealongstatesasymmetricunpairedofexistence
discoverythetousledhas 6 origin.thefromdisconnectedloop,theof
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VCS=2.00V
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VCS=2.00V

6eriguF :
CHINTSingle ID-VDS fromcharacteristic

for3fig. VCS =2.00 abothcontainswhichV
aandcomponentself-intersecting

loop.disconnected

7eriguF :
CHINTSingle IC-VDS forcharacteristic

VCS =2.00 thetocorrespondingV ID-VDS in

4.fig.
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theofmapscorrespondingshow5,7Figs. IC-VDS theWith. ID-VDS they4,6,figs.inplots
sincestatedevicethedefinecompletely IC = IS+ID ofslicesAlthough. IC-VDS givenaforspace

VCS bydefinedspace3Dtheinsymmetryistheresymmetric,notare
IC(−VDS , VCS−VDS) = IC(VDS , VCS thewithintersectionsingleabydefinedPoints). VDS = axis0

(statessymmetricsingletocorrespond IC =2ID =2IS coincidenttwobydefinedpoints);
pairs.asymmetricreflective,representintersections

self-intersections,ofvicinitytheinexceptthatpropertythehave3-7figs.incurvesThe
vectorsstatecloseinfinitesimallytocorrespondpointscloseinfinitesimallytheir z ∈ R thein

spacemultidimensional R fieldstheall[i.e.devicetheofstatethedescribing, n (x,y), T e (x,y),
ψ (x,y aondistancefiniteabyseparatedpointstrue:alwaysishowever,converse,Theetc.].),
(V, I statesdistinctmacroscopicallytocorrespondplane) z pseudo-theinContinuation.

contrast,Instate.devicetheofevolutionsmoothcompletelyaproducesarclength
forpoints,limitattransitionsabruptforcesimulations)MC(andmeasurementsexperimental

instance k→u as6,7figs.in VDS orformationthetocorresponding0,fromincreasedis
negativeresultantThedomains.high-temperaturehigh-field,ofrepositioning ID at u which,

experimentallyobservedbeenhas 5 lowerisdomainselectronhottheinpotentialtheasarises,
depletion.carrierfromarisesthatfieldcollectorunscreenedthetoduedrain,theofthatthan
fororiginthefromstartedsimulationscontinuationofresultstheshows8Fig. VDS >0,

vvelocitysaturationhigherausing sat theBoth. VCS and VDS orfoldscausingforthresholds
inpointslimit IV vwithincreases sat forreducedarethresholdsthe9,fig.inshownAs.

smaller LCH transientaofspeedrampcriticaltheforthattosimilararedependenciesThese.
VCS currenthighesttheinducetorequiredexcitation VDS = state0 75, .
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VCS=0.5V
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8eriguF :
CHINT ID-VDS functionaascharacteristics
of VCS (LCH =5µm, dB =0.2µm,
vsat =2×107 s/cm onlyshownareResults).

thefor VDS >0 thefrominitiatedbranches

origin.

9eriguF :
CHINT ID-VDS functionaascharacteristics
of VCS (LCH =2µm, dB =0.2µm,
vsat =1×107 s/cm onlyshownareResults).

thefor VDS >0 thefrominitiatedbranches

origin.

artificialsomewhattheofspiteIn v(F and) T e(F wepurposes,presentourforassumed)
RSTthepastobservedstepsnonlineartheofcausethethatconcludedsafelybecanitbelieve

Transientcontinuation.bypredictedfoldsandloopstheareexperimentsinthreshold
for8fig.in(e.g.foldsthatindicateproceduresmeasurementtocorrespondingsimulations

VCS = occurwilltransitionstatethewhereofPredictionslength.sometofollowedbecan3.0V)
dccompletefromaccuratelyextractedbecan IV includemustanalysisthisbutmaps,

configurations.circuitexternalaswellasterminalsallateffectsNDRofconsideration
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Conclusions

predictor-usingperformedaretransistorsinjectionchargeofcharacterizationsCurrent-voltage
self-connected,multiplyofexistencetheshowSimulationsmethods.continuationcorrector

intersecting IV conventionalormeasurementsintracedcontinuouslybecannotwhichcurves
theforresponsiblearethatfoldsandloopstheseisitthatsuggestsanalysisThesimulations.

experiments.in(RST)transferreal-spaceofonsettheafterobservedstepsnonlinear
completetransitions,switchingcomplexaboutinformationglobalprovidingtoadditionIn

IV dcreliablegivemappings stability transientcostlymorebysupportedsubsequentlybounds,
beonlynotwillcharacterizationtoapproachadaptivethisthatexpectedisItsimulations.

elementsRSTcomplexmoreofstudytheininvaluable 13 general,ofanalysistheinalsobut
sizetheonlyrequiresprocedurecomputationaltheasblocksdevicefunctionalmulti-terminal

(theof V, I tolerance.errorsingleaandmappedbetodomain)
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