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22Figure diode(Esaki)Tunnel:
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22aFigure thewithasdegenerateasquitenotDopingdiode.Backward:
NDR.ofregionaposessnotMaydiode.tunnel

direction.forwardinthanreverseinearlieronTurns

mixing.micrwaveandsignalsmallofrectificationforusedbeCan

effect).storageminority-carrier(noresponsefrequencyGood

toInsensitive T resiatant!)radiation(alsovariations

lowveryHas
f
1__ noise.

contactstransistoremitter-baseforusedbealsoCan
Luryi,S.andGribnikovS.Z. " basefloatingawithtransistorbipolaracomprisingArticle ",

Pat.US 5,461,245 1995)](October
King,A.C.andJohnson,W.R.Luryi,S.Zaslavsky,A. " Si/Multiemitter GS heterojunction

functionalitylogicenhancedandcontactbasenowithtransistorbipolar ", DeviceElectronIEEE
Lett. EDL-18 (1997)453-455pp.,
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22Figure diagrambanddiode,tunnelingResonant:
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24Figure tunnelingresonantdouble-barrierofoperationofMechanism:
componentsLateraldiode.† kx , ky wavevectortheof k inconservedare

tunneling.

_______________

Luryi,S.† " oscillatorsresonant-tunnelingdouble-barrierofoperationofMechanism ", 1985
Meeting,DeviceElectronInternational (1985).666-669pp.85,IEDMDigest:Tech.

Zaslavsky,A.andLuryiS. " DevicesHot-ElectronandQuantum-Effect " in5Chap. Modern
PhysicsDeviceSemiconductor 0-471-15327-4)ISBNInterscience,(WileySzeM.S.byed.,

(1997)253-342pp.
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25:Figure GaAs/AlHeterojunctions: xGa1−x heterostructure.lattice-matchedAs

antodueworknotdoesruleAffinitynumber.empiricalanisalignmentBand
"unpredictable" predicttoeffortsManyjunction.theatlayerdipolechemical

empirically,good,quitesomeliterature,theinfoundbecanunpredictablethe
accepted.universallynone
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26:Figure (schematically).structurelaserheterostructureDouble

theywherematerialnarrow-gaptheintoinjectedareholesandelectronBoth
constitute degenerate ensembles.

thesuppresseswhichdegeneracy,FermitheofbecauseoccursgainOptical
frequencyoflightofabsorption ν absorptiontheinshift(Moss-Burstein

spectra).

gain:positiveforconditionFundamental

For gain (ν) > havemustone0

E Fn − E Fp > h ν
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1Figure aofdiagramSchematic: npn underandequilibriumintransistor
law:KirchhoffBybias.applied

I E = I C + I B ∼∼ I C

intoholesofinjectionparasiticandbasetheinrecombinationNeglecting
thanimpedancelargermuchathroughflowscurrentcollectortheemitter,†

current,emitterthe gain.powerthewhence

_______________

tocomparedsuppressedisemittertheintoholesofinjectiontransistor,homojunctionaIn†

factorthebyonlybasetheintoelectronsofinjectionusefulthe
pn 0

np 0____ =
N A (base)

N D (emitter)____________ .

basehenceandemitterthetocompareddopedlightlybemustbasethethatmeansThis
concern.aisresistance

fasterforbasethinnerresistance,baselowerforbasethickertrade-off:fundamentalThe
base.theacrossdiffusion
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2Figure heterojunctionandHomojunction: npn transistor

junctionbase-emittertheattransistorhomojunctionIn

JE
(e) ∝ e Φβ− 1

JE
(h) ∝ e Φβ− 2

JE
(e)

JE
(h)

____ =
N D (emitter)

N A (base)____________

efficiencyEmitter ≡η
JE

(e) + JE
(h)

JE
(e)

_________ ∼∼ 1 − .ratiodoping

transistor:heterojunctionIn

JE
(e)

JE
(h)

____ =
N D (emitter)

N A (base)____________ × e β− ∆ E V
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transistor(homo)junctiontoBack .

emitterthanlowermuchbemustdopingbasethewhyunderstandWe
emitterthanlowermuchbemustdopingcollectorthewhyNowdoping.

?doping

N D (emitter) >> N A (base) >> N D (collector)

answer:Threefold

For— W B ondependencelittlehaveto V cb impedance)outputhigh(need

capacitancebase-collectorlowerto— Ccb

voltage)breakdown(increasejunctionbase-collectorinfieldthelowerto—

n p n

Ie Ic

Ib

Vce

Φ1

Φ2

Ic (mA)

10

20

30

40

50

60
Ib

0.1

0.2

0.3

0.4

0.5

= 0.6 mA

Vce

3Figure steppediscurrentBasecharacteristics.transistorCommon-emitter:
largermuchbyincreasescurrentemittertheandmA0.1ofincrementbyup

gaincurrentHereamounts. β ∼∼ .100
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gaincurrentandfactortransportBase .

equation:continuitytheFrom

n −′′
LD

2
n____ = 0

n (x) = A e L D

x____

+ B e
−

L D

x____

atconditionsBoundary x atand W:

n (0) =
N A

ni
2

____ eβ V eb

n (W) =
N A

ni
2

____ eβ V cb ∼∼ 0

☛ n (x) = A sinh 
 (W − x) L/ D


 =

(sinh L/W D)

n sinh(0) 
 (W − x) L/ D


_______________________

☛ Jn (x) = De
∂ x
∂ n____ =

L D

nDe (0)________
(sinh L/W D)

cosh 
 (W − x) L/ D


___________________

alpha:factortransportbaseThe

≡α
Jn (0)

Jn (W)______ =
(cosh L/W D)
1____________ ∼∼ 1 −

2 LD
2

W 2
_____

J(0) J(W)

JB

gain:Current =β
∂ I B

∂ I C____ law,Kirchhoff’sBy. =β
1 α−

α______

efficiencyemitterwithCombined η ofinsteadtakewe, α productthe ηα .
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gaincurrenttheofdependenceFrequency .
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5Figure rolls-offgaincurrentthefrequencieshighAtgain.High-frequency:
1as(i.e.decadedB/per10at f/ hasanduniversalquiteisbehaviorThis).

efficiency.emitterorrecombinationeitherwithdotonothing

frequencycut-offcharacteristicThe f T unityofconditionthebydefinedis
(gaincurrent →β delaypropagationthetoduemainlyisand)1 τ minorityof

base.thethroughcarriers†

f T =
2 τπ

1____

general,In =τ v/W where, v carrierminorityofvelocityaveragetheis
transport,diffusiveForpropagation.

τD =
2 D
W 2
____ << τC .

_______________

thisconfusenotDo† τ longer).muchtypicallyis(whichlifetimecarrierminoritythewith
bylifetimeminority-carrierthedenoteusLet τC ("capture" time).
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forexpressionanderiveusLet α ( f equation:continuitythewithBegin.)

∂t
∂n___ = D

∂ x 2
∂2 n_____ −

τC

n___

Take

n (t) = n 0 δ+ n e i ωt

where n 0 = n 0 (x andsolutionstatictheis) δn δ= n (x harmonictheis)
frequencyatamplitudevariation ≡ω 2π f .

forequationstatictheBoth n 0 forequationdynamictheand δn similarofare
form:

∂ x 2

∂2 n 0______ − LD
− 2 n 0 = 0

∂ x 2
∂2 δn_____ − L − 2 δn = 0

where

LD
2 ≡ D τC

L − 2 = LD
− 2 (1 + i τω C)

ωτC >> 1
∼∼

D
i ω___

form):(intoosimilarareequationsbothtosolutionsThe

n 0 (x) = A sinh


 L D

W − x_______




δn (x , ω) = B sinh


 L

W − x_______




toanalogy(infindwewhence α0 =
(cosh L/W D)

1_____________

α (ω) ≡
∂ J ,(0 ω)

∂ J (W , ω)__________ =
(cosh L/W )
1____________
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highsufficientlyAt ω (nothing’s "spectacular" just, τω C >> havewe)1

L
W___ = where τD =

2D
W 2
____

= remember = e i π / 4 =
v’-1.075m’1 + i_____________

α (ω) =
(cosh L/W )
1____________ =







e2 ωτ− D e − i ωτD

1( + i ωτD ) − 1

for ωτD >∼ 1

for ωτD << 1

typically,transistors,modernIm W <∼ 0001, A and D ∼ cm50 2 s − 1 .
20sayto,(upmeasurementthetoaccessibleeasilyfrequenciesatTherefore,

typically,has,oneGHz) τD <∼ 10 − 12 ands ωτD << .1

α (ω) ∼∼
1 + i ωτD

1_________ ∼∼ e − i τω D

β (ω) =
1 α−

α______ =
1 − e − i τω D

e − i τω D

__________ =
(sin2 ωτD / 2)

− ei − i ωτD / 2
_____________

β (ω) =
2  (sin ωτD / 2) 

1________________ ∼∼ τω D

1_____

thatsuchHBTandesigntopossibleisitheterostructures,Uisng α (ω does)
largeforevensignificantly,inspiralnot ω ’s – circlethetocloseremaing

(iexp ωτ anglesphasefor) τω=φ aslargeas =φ 2π Such. coherent
transistors ofcapableare,† " deathafterlife " abovegaincurrentshowing, fT

abovegainpowerand f max.

_______________

Luryi,S.andGrinbergA.A.† " transistorCoherent ", DevicesElectronTrans.IEEE ED-40,
(1993).1512-1522pp.

Gorfinkel,B.V.andGrinberg,A.A.Luryi,S. " withtransistorbipolarHeterostructure
carriersminorityofdiffusionforwardenhanced ", Lett.Phys.Appl. 63 (1993).1537-1539pp.,
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conductanceoutputfiniteandshrinkageBase .
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Figure effect.EarlyandshrinkageBase:

inconstantbemustcurrentminorityinjectedtherecombination,Neglecting
base,the ∇

→. J
→

= thenonly,diffusionbyiscurrenttheIf.0

dx
dn___ = const =

W
n (0) − n (W)____________ ∼∼

W

np 0 e βV eb

_________

W anhasonecurrent,basefixedaatHence,bias.collectorthewithshrinks
effect)(Earlycurrentcollectorincreasing

I C ∝




1 +
V A

V cb____




it.withoutbetterlivewedetrimental;isconductanceoutputFinite

widthbasetheondependsvoltageEarlyThe W numberGummeltheand
n G = N A W For. W >> hasonewidth,depletionjunctionBCthethan

V A ∼∼ ε
Ne A W 2

_________ ≡
ε

ne G W_______


