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Introduction

activetheextendtotransistorjunctionbipolarainshiftsphasetransit-timeusingofpossibilityThe
discussionTheresearchers.ofnumberabydiscussedbeenhasfrequencieshighertooperationtransistor

phasethetodueachievedbecanthatimpedanceoutputdynamicnegativetheoncenteredbeenhas
Wrightbyoriginallyproposedidea,Thisregion.space-chargecollectortheacrossdriftcarrierindelay

inattentionoflotagainedhasItapplications.wavesubmillimeterandmillimeterforattractiveis[1],
transistorsbipolarheterostructure[2,3],implementationtransistorjunctionconventionalaofcontextthe

inUnfortunately,[8].transistorsfield-effectand[7],transistorsballisticunipolar[4-6],(HBT)
transistoractivetheextendingofpossibilitypracticalthetransport,basediffusivewithtransistors

beyondbehavior f T resonances,transit-timeofUtilizationeffects.parasiticby[6]limitedseverelyis
arequiresHBT,GaAs/AlGaAsconventionalainjunctioncollectortheacrossdriftcarrierfromarising

from10offactorsbycapacitance,collectortheaswellasresistances,collectorandbasetheofreduction
technology.state-of-the-arttheonbasedestimates,

thediodes,transit-timeinLike[9].myselfandGrinbergbyanalyzedrecentlywasproblemThis
delayphaseinjectiontheofcombinationafromarisestransistorsinimpedanceoutputdynamicnegative

ϕ=ϕ E ϕ+ B delaydrifttheandbase)theandemittertheofangletransittotal(the θ base-thein
diffusiveinbecauseparasiticsdevicethebyswampedareeffectsTransit-timejunction.collector

phaseavailablethetransistors ϕ transportbasetheofmagnitudetheofdecayExponentialsmall.toois
factor αB phasethewith ϕB overallthethatimpliesbase,theacrosspropagationdiffusiveainacquired,

(currentcollectortheofphase ϕB ϕ+ E θ+ theofexpensetheatentirelyalmostacquiredbemust)
delayphasecollector θ increasingwithHowever,. θ resistancedynamicnegativetheofmagnitudethe

foranddecreases,also θ ∼∼ π elements.parasiticofinfluencetheovercometosmalltoobecomesit
thekeepingwhileachievedbecantheyifonlyparasiticsthewithstandcanresonancestimeTransit

delaycollector θ <∼ phasesufficientaifi.e.,1 τω B ϕ≡ B >∼ π alonetransportbasetheinacquiredis –
factortransportbasetheofmagnitudetheinpenaltysignificantawithout αB withgeneral,In.

frequencyincreasing ω factortransportbasethe, αB (ω) α= B  (exp τω− B inboundandescribes)
spiral α B → termtheapplyshallWe[10].planecomplexthein0 coherent transportbaseanyto,

sufficientlyaprovidesthatmechanism slow ofinspiraling αB (ω thatsuch), αB >∼ for0.5 ϕB >∼ π .
In[9].temperaturescryogenicattransportballisticfromarisescoherenceachievetopossibilityOne

theofbecauseoutwashedisinterfacebase-emittertheatinjectedsignalmodulatedthecaseballisticthe
varianceatoleadingcarriers,injectedofvelocitiesnormaltheinspreadthermal δτ basetheirin

inwavesdensityofdampingLandauthetoanalogousisprocesslatterThetime.propagation
doesitselfbypropagationbaseCollisionlessdiffusion.tosimilareffectanhasandplasmascollisionless

whenarisestransistorballisticainregimeCoherentcoherence.implynot δτ << τB thewheni.e.,,
beamasuchtoapproximationgoodAbeam.monoenergeticandcollimatedaformelectronsinjected

electronsFortemperatures.lowatheterointerfaceabruptanacrosselectronsofpassagethefromresults
velocityawithtraveling v emittertheatmodulationinjectionperiodicalayer,basethetoperpendicular
frequencyawithinterface f wavelengthofwavedensityelectronanupsets =λ f/v For. δτ << τB ,

factortransportainresultingbase,entiretheoverdecayappreciablynotdoeswavethis

αB = e− ( δτω )2 /2 e− i τω B . (1)

gaincurrentcommon-emitterthebothhavecantransistorcoherenta[9],Ref.indetailindiscussedAs
h 21 gainpowerunilateraltheand U usualtheabovefarfrequenciesatunityexceeding f T The.

timepropagationbasethebynotlimitedisspeedtransistor τB varianceitsbyratherbut δτ.
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ofrulesstate-of-the-arttheatimplementedheterostructures,exemplaryforoutcarriedCalculations
THz.1abouttoextendedbecanbehaviortransistoractivethatindicatetechnology,

aFortemperatures.cryogenicrequiresoperationcoherentballisticthethathowever,clear,isIt
energykineticelectronthewidth,baseentiretheoverholdtotransportcollisionless ∆ injection(the

notshould[11])junctionbase-emittertheindiscontinuityconduction-bandatocorrespondingenergy,
threshold,emissionphononopticaltheexceed ∆ <∼ h_ωopt thecoherence,achievetohand,othertheOn.

energyinjection ∆ needwewhencespread,thermaltheexceedsubstantiallymust h_ωopt >∼ ∆ >> kT .
leastatrequiresHBTballisticaincoherencetransportbaseofimplementationthethatmeansThis

Nliquid 2 frequencies.ultra-hightolimitedisoperationcoherentballistictheMoreover,temperatures.
inresonancefirstthebecausefrequencies,lowerattestedbeevencannotconceptThe U atonlyappears

f π ∼∼ π f T = 1/2 τB 1ratecollisionthethanhigherbeevidentlymustwhich, /τcoll thegoverning
energyatelectronsballisticofrelaxationmomentum ∆.

frequenciesultra-hightolimitednotis(whichcoherencetransportbaseachievingforideaAnother
thatIn[12].Shockleybypaperfamousthetobacktracedbecantemperature)roomatworksalsoand

minority-carrierindelaythethatsuggestedanddiodestransit-timeofconcepttheintroducedhepaper
necessaryAfrequencies.extendedatdeviceactiveantoleadcanbasetransistoraacrosstransit
diffusivethethanfastermuchbebasetheacrosstransportdirectedthethatisoccurtothisforcondition

suggestedShockleydistribution.injectedtheofstructuremodulatedaoutwashtotendsthattransport,
base.theindopingvariableawithdiodedelayminority-carrierainmetbecanconditionthisthat[12]

gradedexponentiallyanwithavailablevariationpotentialtheofrangelimitedaofbecauseHowever,
Shockley’sRecently,realized.beenneverhasitandmarginalisapproachthisoffeasibilitythedoping,

wasItcomposition.basealloygradedawithHBTofcontextthein[13]reconsideredwasargument
usefultoleadmayandfeasibleisdevicessuchintransportbasetheofcoherencethatshown

instructureanewadiscussedwebase,gradedlinearlyawithtransistorstoadditionInapplications.
incollectorthetowarddownnarrowsbandgapbasethewhich N heightminimumofstepsdiscontinuous

thanlarger h_ωopt abyoccurstransportminoritythestructurethisIn. diffusiveacceleratedstrongly
process conventionalandultra-highatbothresonancetimetransittheachievingforadequate,

[13].Ref.onbasedisbelowdiscussionOurfrequencies.

TransistorBaseStep

1.Fig.fashion,stepwiseaincollectorthetowarddownnarrowsbandgapbasewhoseHBTaConsider
ofconsistbasetheincarriersminorityforedgebandtheLet N steps Wj enough,higharewhich

∆ j >> kT step.particularaofffallenhavetheyoncereturntoforbiddeneffectivelyarecarriersthat,
latterThestep.eachinlostisjourneyprevioustheofmemorytheallthatassumeusletMoreover,

opticale.g.,process,inelasticrapidaforthresholdthethanhigherarestepstheifreasonableiscondition
emission:phonon ∆ j >∼ h_ω opt stepeachintransportthetreatcanwefulfilled,conditionthisWith.

factortransportstepabyitcharacterizeandindividually α j ,

α j (ω) =
(2i[cosh ϕ j)

1/2 ]

1______________ (2a),

where ϕ j ωτ≡ j steponacquiredphasetheis j and τ j = Wj
2 /2D bytimepropagationsteptheis

thatenoughnarrowarestepsthethatassumeWediffusion. ϕ j << quadraticwithintocase,thisIn.1
in ϕ j formthetoreduces(2a)Eq.terms,

α j (ω) ∼∼ e ϕ− j
2 /3 e− i ϕ j . (2b)

ofvaluessmallatthatseeWe ϕ j magnitudethe, α j  unityfromdeviates quadratically in ϕ j This.
coherentaconstructtousenablesobservation αB magnitude.indecaylittleandphaselargeawith

ofproducttheisfactortransportbasetotaltheIndeed, α j’s:

αB (ϕ) =
j = 1
Π
N

α j ∼∼ e ϕ− 2 /3N e− i ϕ (3),

where =ϕ Σ ϕ j thatsimplicityforassumedhavewetransport;basetheinacquiredphaseoveralltheis
andequalarestepsall =ϕ N ϕ j .
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gaincurrentintrinsicThe βB α= B (1 α− B) − 1 peakshavewill β B  > at1 =ϕ 2πm provided,

α B (2πm)  > 0.5 . (4)

(peakfirstThe m = frequencyatoccurs1) f = 2π f T requiresthis(3),Eq.toAccording.
N > N 2π = (2π)2 / 2ln3 ∼∼ .19

∆ j

Wj
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1Figure step-aofdiagrambandSchematic.
transistor.bipolarheterostructurebase

2Figure gaincurrentemitterCommon. β for
numberdifferent N base.theinstepsof

theofenhancementanfromoriginateseffectdescribedthePhysically, forward transport.diffusion
ofindependencetheprovideswhichstep,everyatthermalizationcarrierisconditionessentialThe α j ’s

resultantThestep.precedingatoreturningfromparticlesrestrictsand " upstepped " ratheraisdiffusion
ainThus,process.counter-intuitive,evenglancefirstatpeculiar, static minoritytheregime,

aisbasetheinconcentration periodic theIndeed,distance.theoffunctiondecreasing)than(rather
isstepeachincurrentsteady-state

J =
WD j

e [ n (0j) − n (Wj ])_________________ ∼∼
WD
neN (0)_________ (5),

where W = NWj andthicknessbasetotaltheis n (0j stepofbeginningtheatconcentrationtheis) j.
havewerecombination,ofabsencetheincontinuitycurrenttheFrom n (0j) = n ofindependent,(0) j.
offactorabyenhancedisfluxdiffusionthethatshows(5)Equation N diffusioneffectivetheissoand

2becomeswhichvelocity, W/D j keepingstepsofnumbertheincreaseweIf. W theconstant,
frequencycutoffconventional f T toproportioninincreasewill N theClearly,2.Fig.cf.,

toproportioninscalealsowillgaincurrentstaticlimitedrecombination N beenfactinhaseffectThis.
(double-layerawithHBTInGaAsP/InPain[14]al.etOhishibyobserved N = base.2)

enoughhighFor N gaincurrenttheinstructurepeakedaseewouldwe,  h 21  forand N > N 2π
for2Fig.incurvethecf.unity,thangreaterisvaluepeakthe N = issituationthisHowever,.30

(enoughhighbemuststepeachbecausepractice,inrealizetodifficult ∆ j >∼ h_ω opt no-theensureto)
difference.bandgapthebylimitedisdroppotentialoverallthewhilecondition,return

gainPower

Anfirst.caseintrinsictheConsiderrelaxed.moreareactivityoscillationtransistortheforConditions
gainpowerunilateraltheinpeakextended-frequency U common-theofpartrealthewhenappears

impedanceoutputemitter r 22 ≡ Re (z22
e havewetransistorintrinsicanIn[5,9].signchanges)

r 22 = R ϕ + R E where,

R ϕ =
ω C C θ

(cos ϕ) − (cos θ+ϕ )__________________ α B  ∼∼ ω C C

α B  (sin θ+ϕ ′)________________ (6),
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R E andresistance,emittertheis τω≡θ C = 2 θ′ phaseTheangle.transitcollectortheis ϕ theincludes
delaysmall)(usually ϕE ω= R EC E capacitanceemittertodue, C E theinrelationapproximateThe.

tocorresponds(6)Eq.ofsideright-hand θ <∼ atoccurspeakgainpoweracasethisIn.1 ϕ ∼∼ π ,
provided α B  > ω C CR E .

[6],TiwaribyoutpointedasHowever,accommodate.toeasyrelativelyisconditionlatterThe
includingwithoutmeaninglessratheraregainunilateraloneffectsphaseshifttheofconsiderations

thesewhenthatshows[9]analysiscarefulAcapacitances.andresistancesextrinsic "parasitics" are
inpeakaforconditiontheincluded, U near π=ϕ is

α B (π)  > τω X (7),

where τ X extrinsicincludeswhichmodelainexample,Forconstant.timeparasitics-limitedais
(resistancescollectorandbase,emitter, R Ex , R Bx and, R Cx [9]circuitequivalentthecf.respectively,,

capacitancecollectorextrinsicanneglectsbutHBT)abrupt-junctionanof C Cx forexpressionthe, U is

U =
4 ω2 CC

2 (R B + R Bx)

α Bα C  2
_________________

R ϕ + R X

1_________ (8),

where R X ≡ R E + R Ex + R Cx + R Cx (R E + R Ex)/(R B + R Bx and) α C ≡ (sin θ′ /θ′ e) − i θ′ collectortheis
correspondingThefactor.transport τ X is(7)Eq.in τ X = C C R X theBesides. "low" frequency

whereregime, U > wherefrequencies,ofrangetheinactivebewilltransistorthe,1

α B  (sin θ+ϕ ′) τω+ X ≤ 0 . (9)

rangethisIn U < obtaincanonehenceand0 U >> Obviously,resistance.seriesaaddingby1
ifobtainedbeonlycan(9)inequality α B  > τω X stepsofnumberthethatmeansthis(3)Eq.from;

valuetheexceedmustbasethein N π = (π2 /3)  (ln τω X)  − 1 thebyoverdampednottransistoraFor.
sayparasitics, τω X <∼ needwe,0.5 N >∼ .5

gainthedisplays3Fig.inlinesolidThe  U  theinsteps5withHBTmodelaforcalculated,
peaksthebetween(8);indenominatorvanishingatocorrespondpeakstwoThebase. U negative.is
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3Figure gaincurrentCommon-emitter.
 h 21  gainunilateraltheand  U  HBT’sof

widthbasesamethewith W = 0.25 µ the,m
diffusivitysame D = cm50 2 samethe,s/

timetransitcollector τC = differentandps,1
number N base.theinstepsof

parameters:Assumed R B = R Bx = 50 Ω . µ ,m
R E = 10 Ω . µ ,m R Ex = R Cx = 20 Ω . µ ,m
C C = fF0.25 /µ and,m C C = fF10 /µ .m

anyconsideringnotarewethatemphasizedbeshouldIt "ballistic" theatspeedparticletheinboosts
themodifyqualitativelytoexpectednotaretheybeneficial;befactinmayeffectsSuchedges.step

increaseweIf(3).result N smaller,heightstepthemakingofexpensetheat ∆ j < h_ω opt thethen,
wellasbackwarddiffusewillelectronshotandstepeachatoccurnotwillrelaxationenergynecessary

minorityformodeltransportBoltzmannaquantitatively,regimethistreattoorderInforward.as
timescatteringphononopticalfiniteaofeffectstheincludesIt[15].developedbeenhascarriers τop

forthatindicatemodelthisinobtainedresultsPreliminarystep.eachatvelocityexitfiniteand
∆ j > h_ω opt thatprovidedvalid,isapproachsimplifiedpresentthe τop collisionelasticthethanshorteris

step.aexitingcarriershotoftime
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GradingLinearwithComparison

oflimittheIn N → ∞ and ∆ j , Wj → linear-ainthattoequivalentbecomesstructurebasethe0
with[16-18]HBTgraded ∇E G = lim ∆ j W/ j ofphasethedevice,asuchIn. αB thewithacquiredis

velocitydrift v µ∇−≡ E G e/ magnitudethewhile, α B  diffusion.byspreadingtodueattenuatedis
equationcontinuitythesolvingbyderivedbecan(3)toanalogousequationAn ∇ . J = e (∂ /n ∂t thefor)

formdrift-diffusiontheintakencurrentminority J = nµ∇E G + eD∇n notationphasortheUsing.

n (x, t) ≡ n
_

(x) + n̂ (x e) i ωt ,

componentdynamictheforequationcontinuitythe n̂ toreduces

iωn̂ −= nv ˆ ′ + nD ˆ ′′ . (10)

coordinatetheNormalizing x widthbasetheto W satisfying(10),Eq.ofsolutionthethatfindwe,
n̂ (1) = formtheofis,0

n̂ = A e xr [sinh λ (x − (11),]1)

where ≡λ √r 2 + 2i τω D and r timediffusioncharacteristictheofratiotheis τD = W 2 /2D theto
timedrift τB = v/W viz.,

r ≡
τB

τD___ =
2D
Wv____ ∼∼

2 kT

∆E G_____ (12),

where ∆E G formresults(12)ofsideright-handtheinequationlastThevariation.bandgaptotaltheis
relationEinstein’s eD µ= kT gradients).bandgaphightoonotfor(valid

factortransportbasethefindwe(11)Eq.From αB ≡ J (1) J/ formthein(0)

αB (ω) =
(cosh λ) + 1( + 2i τω B r/ ) − 1/2 (sinh λ)

(exp r)________________________________ (13),

grading,aofabsencetheIn v → toreduces(13)Eq.,0 αB = cosh − 1 (2i[ τω D)1/2 correspondswhich,]
grading,largeaForbase.entirethetoextended(2a)Eq.to r >> asymptotically,has,one,1

λ ∼∼ r + i τω B + ( τω B)2 /2r toreduces(13)Eq.and

αB (ϕ) = e ϕ− 2 /2r e− i ϕ (14),

where τω≡ϕ B 1( − 1/2r resultingthosetosimilarqualitativelyareeffectsdriftcarrierminorityThe.)
2Parameterdiffusion.forwardenhancedthefrom r 3asrolesametheplays(14)Eq.in N (3).Eq.in

toequivalentparameterthe(1),Eq.case,ballisticthe[In r is r B ≡ ( τB /δτ)2 5ofexampleourFor.]
needwe3)(Fig.steps ∆E G = 5 ∆ j >∼ 5 h_ω opt

∼∼ effectsamethePreciselyGaAs/AlGaAs).(inmeV180
withbasegraded-gapawithachievedbewill r = requiring,7.5 ∆E G = 15 kT ∼∼ roomatmeV380

atoperationfrequencyextendedtheachievingformeansAstemperature. ϕ >∼ π approachesboth,
feasible.equallyappear

heterostructurespeedultrahighofdesigntheinflexibilityadditionaloffersapproachstep-baseThe
betweentrade-offstringenttherelievetoisapplicationpracticalobviousmostitsPerhapstransistors.

canthisabove,discussedAstime.propagationbaseshortandresistancebaselowofrequirementsthe
e.g.,steps,ofnumbersmallawithevenaccomplishedbe N = steps,ofnumberhigherFor.2 N >∼ ,5

frequencyextendedanattransistortheofbehavioractiveanobtaincanone f ∼∼ π f max provided,
elements.extrinsicbyoverdampednotisfrequencythisatdevicethe7)Eq.(cf.
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