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HBTjunctionabruptanofcircuitequivalentSmall-signal
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Luryi,S.andGrinbergA.A.† DevicesElectronTrans.IEEE ED-40 (1993).1512-1522pp.,
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analysissmall-signalofElements

variablesAll A (t varyingconsideredare) harmonically aboutrangesmallain
point:dca

A (t) = A 0 δ+ A e i ω t

I (t) = I 0 δ+ I e i ω t

V (t) = V 0 δ+ V e i ω t

e.g.,notations,alternativeMany i and v ofinstead δI and δV.

The δA are’s complex fields,position-dependentbemayquantitites, δA (x→ .)

differentbetweenrelationshipThe δA betweene.g.’s, δV and δI (generalized
point.dcchosentheondependadmittances)orimpedances

2 -PORT

I1 I2

V1 V2

δ

δ

δ

δ

common
terminal

3Figure (2-portsareTransformerstwo-port.General: "passive" theFrom).
amplifiers.two-portaretransistorsview,ofpointsmall-signal

matrixAdmittance :



 δI 2

δI 1 



=


 y 21

y 11

y 22

y 12 





 δV 2

δV 1 


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matrixAdmittance :



 δ I 2

δ I 1 



=


 y 21

y 11

y 22

y 12 





 δ V 2

δ V 1 



example:For

y 11 ≡


 d V 1

d I 1_____


 V 2

admittanceinput,

matrixImpedance :



 δ V 2

δ V 1 



=


 z 21

z 11

z 22

z 12 





 δ I 2

δ I 1 



example:For

z 22 ≡


 d I 2

d V 2_____


 I 1

impedanceoutput,

(h-parameters)matrixHybrid :



 δ I 2

δ V 1 



=


 h 21

h 11

h 22

h 12 





 δ V 2

δ I 1 



example:For

h 21 ≡


 d I 1

d I 2____


 V 2

gaincurrentforward,

theofspecificationinvolvesessentiallyparameterstheseofDefinition
conditionboundary Thusport.anotheroroneat

h 22 foradmittanceoutputtheis open-circuit port.input

y 22 foradmittanceoutputtheis short-circuit port.input

h 21 forgaincurrentforwardtheis short-circuit etc.port,output

(parametersofsetEach z-parameters, y-parameters, h is-parameters) complete
unambiguously.setsotherthederivetousedbecanitthatsensethein
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configurationsterminalCommon
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4Figure differentverytorisegiveconfigurationscommon-terminalDifferent:
aregainscurrentshort-circuittheThus,parameters.

h21
e β≡ h21

b α≡

henceand

h21
e =

h21
b

1 − h21
b

_______
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parametersIndefinite

(common-configurationsdifferenttocorrespondingsetsparametertheofAll
another.onefromderivablearecommon-collector)common-emitter,base,

inbest(workstrickconvenientA y disregardtoisrepresentation)-parameter
port:additionalanasterminalthirdthetreatandreferencecommonthe

I 1δ

V1δ

I 2δ

V2δ

I 3δ V3δ

5Figure matrix:indefinite:





 δ I 3

δ I 2

δ I 1






=





 y 31

y 21

y 11

y 32

y 22

y 12

y 33

y 23

y 13










 δ V 3

δ V 2

δ V 1






forworkshouldmatrixthethatfacttheandLawKirhhoff’sFrom arbitrary set
of δ{ Vi } indefinitetheinrows)(orcolumnsallofsumthethatfollowsit

zero.ismatrix

allofsumthethatfactthe2,and1portsatcircuitshortaassumeweifThus,
thethatimplieszerobemustcurrents Σ of y thein-parameters third column

on.soandvanishes,

thethatproveTo Σ eachinvanishmust row threeallifthatnotewe, δ{ Vi }
port.anyatflowcancurrentacnoequalare

configurationcommon-terminalonefromtransformtosimpleexceedinglyisIt
theknowweifThus,another.to y theconfiguration,basecommonin-matrix

is:matrixcommon-emittercorresponding





 y 31

y21
b

y11
b

y 32

y22
b

y12
b

y 33

y 23

y 13 





→





 y 31

y 21

y 11

y 32

y 22

y 12

y 33

y 23

y 13






→





 y 31

y 21

y 11

y21
e

y11
e

y 12

y22
e

y12
e

y 13 




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definitions:gainPower

• gainPower G inputpowertoloadthetodeliveredpowerofratiotheis
network.theinto

circuits.loadtheandinputthebothondependsIt

• gainavailableMaximum afromachievablegainmaximumtheis(MAG)
feedback.externalwithouttransistorparticular

gainforwardofvaluetheequalsMAG G thebothwhenresultswhich
simultaneouslyareoutputtheandinput matched Forway.optimumanin

matchedberesistanceloadthethatrequiresMAGofrealizationexample,
resistanceoutputtheto Re (z 22).

• gainUnilateral U itafterdeviceaofgainpoweravailablemaximumtheis
circuit.feedbackreciprocallosslessaaddingbyunilateralmadebeenhas

and(inductancesamplifierthearoundnetworklosslessthethatmeansThis
zero.togainpowerreversethesettoassoadjustediscapacitances)

isgainUnilateral independent !configurationcommon-leadof†

gainunilateralThe U equivalentfollowingtheofanyfromcalculatedbecan
expressions:

U =
[4 Re (z 11) Re (z 22) − Re (z 12) Re (z 21 ])

 z 21 − z 12  2
____________________________________ ;

=
[4 Re (y 11) Re (y 22) − Re (y 12) Re (y 21 ])

 y 21 − y 12  2
____________________________________ ;

=
[4 Re (h 11) Re (h 22) + Im (h 12) Im (h 21 ])

 h 21 + h 12  2
____________________________________ ,

where z ji , y ji and, h ji hybridtheandadmittance,theimpedance,theare
respectively,transistor,aofparameters configuration.anyfor

_______________

ofusewide-spreadtheforreasonmaintheistheorem)(Mason’sresultremarkableThis† U.
Mason,J.S.See " amplifiersfeedbackingainPower ", TheoryCircuitTrans.IRE CT-1,
(1954).20-25pp.
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HBTjunctionabruptanofmodelSmall-signal
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6Figure frequencyincludingmodel,simplethisofanalysisSmall-signal:
beenhasregimes,diffusiveandballisticbothingainpowertheofdependence

(1993).†LuryiandGrinbergbyoutcarried

_______________

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

Luryi,S.andGrinbergA.A. " transistorsbipolarheterojunctionineffectEarlyDynamic ",
Lett.DeviceElectronIEEE EDL-14 (1993).292-294pp.,

infoundbecanHBTabrupt-junctionofmodel(Ebers-Moll-like)Quasi-static
Luryi,S.andGrinbergA.A. " intransportminorityoftheorythermionic-diffusiontheOn
transistorsbipolarheterostructure ", DevicesElectronTrans.IEEE ED-40 (1993).859-866pp.,
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V BC

V BE

∆

Ballistic  HBT

(b)

1-1 0.5-0.5 0

0

0.5

-0.5

1

-1

 ∆ = 0
 ∆ = 1 kT
 ∆ = 2 kT
 ∆ = 3 kT

collimated  and 
monoenergetic
beam

α ( ω ) e i ωτ=

"Coherent"  transport

αIm

αRe

∆ >> kT

spirals  clockwise with  increasing frequency

Base transport  factor

α ( ω ) =  Ι   / Ιc e |        |α e i ωτ
= 

In the usual determination
of short circuit current
gain         degradation of 
the magnitude
plays little (if any) role

| α |
f T

For us
           it  is crucial !

"coherent" base transport
 when

     for
| α |  >  0.5
ωτ  >  1~

~



-10-7Lect
1993Luryi,&GrinbergaftertransistorCoherent

0  WB

M
in

or
ity

 c
ar

rie
r 

 d
en

si
ty

n (z)

distance  z

α ( ω ) e i ωτ-=
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n (z) =
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Resonance  when

W   = m
B

λ

Landau  damped

Coherent
transistor

ωτ = 2π m
equivalent to
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Example: partial  coherence
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∆  = 5 kT

 Dimensionless Frequency 

ωτ1 10 1000.1

Tf
Xf

~~
1

ωτβ
~~

2
ω    τβ ∆2 2

Coherent  transistor  is  limited  by
the  dispersion        rather  by        itself∆τ   τ

τ∆
τ

Tf
Xf

=

Extended
frequency
cutoff
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Partial  coherence

ρ

τ
τ
_

τ∆

e.g., for  a normal distribution

α (ω)  =    ρ (τ)                  τd
ω− i

e
0

8

τ

α (ω)  =  − i
e

ωτ
_

−
e ω    τ∆2 21 2

β α
1 − α= max  when  Im       = 0   and  Re        > 0(α) (α)

~~βm
2

ω     τ∆2 2
m

ω τ
_

    2π m~~m

τ∆
τ
_

~~ kT 2∆

for thermal  distr.

characteristic 
function of  

base  transit  time  is  a random  variable with distribution ρ

ρ

ω  ∆τ ~~m 1

extended  frequency cutoff

peak frequencies
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  )

Inclusion of collector transit

α   αB Cα =

α   B = φ− i
e

α   C

θ− i
e= sin θ

θ

ωτ
B

φ =

ωτ
C

θ = 1 2
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∆ = 10 kT

τ C = 1 ps

τ B = 2 ps

τ
B = 0

Coherent  transistor
has  current  gain
at  frequencies where
the transistor which
has 
is  completely  damped

no base delay at all
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α   B = φ− i
e

α   C
θ− i

e= sin θ
θ

What  is  special  about  base  transit ?

why  is  the  phase  gained
in  constant-velocity
collector transit
not as good as that
gained in base transit ?

Shockley-Ramo theorem 
(Shockley, 1938)

I   =  e v   E.
j jv

e

d

I = e v/d
v

e
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22r =
ωCC θ

cos ( φ ) cos ( φ + θ )_
α  B|              |

Power gain
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22r

β2

∆ = 10 kT

ωτ Bφ =

τ B = 2 ps

ωτ Cθ =

τ C = 1 ps

α   αB C|              |
4      C   R    rω2 2

BC 22

U   =
2

intrinsic  limit

unilateral
gain
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RE

CE
α

C
α

Bi E

REx

E

i E

RCx

C

i CCC

RB

CCx

RBx

B

i B

Coherent transistor loaded with parasitics

sin ( φ + θ     )2α   B| | ωτ  x+ <  0

τ  x

can characterize
the parasitics
by a delay

transistor  will  be
active at extended
frequencies, provided

= ωCC θ

cos ( φ ) cos ( φ + θ )_
α  B|              |R  φ

U   =
α   αB C|              | 2

4      C   (R   + R    )ω2 2
BC Bx R   + RXφ

1

R  xwhere           combination of parasitic resistancesR  xτ  x CC=

Example: C   = 0x

i.e., provided transistor
is not overdamped
by the parasitics
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0.5 µ m

WC

WB

L E

CC CCx

CE

RB RBx

RE

REx

RCx

Example: CT  loaded  with parasitics
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β2

∆ = 25 kT

Limitations

Ultra-high  frequencies, cryogenic  temperatures

REx

RBx

RB

RE

RCx

=

=

=

=

=

5 Ω µ m.

25 Ω µ m.

25 Ω µ m.

20 Ω µ m.

20 Ω µ m. CCx

CC =

=

CE = 10

µ m/Ff0.5

1

µ m/Ff

µ m/Ff

ρB = 0.001 Ω cm. = 4.2 KT

0.1 µ m=WB

0.1 µ m=WC

τ  x <  1ω parasitics
kT  << ∆ < E opt

coherence

ballisticsimpurity  scattering

0.2 µ mWB <base  cannot  be too  long ( )
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Coherence by other means

α ( ω ) =  Ι   / Ιc e |        |α e i ωτ
= Recall: all we need

is slow spiralling in
of | α |

φ = ωτ     π| α |  >  0.5~

V BC

V BE

∆ Graded-gap  HBT

∆ EG

need for

τdrift

τdiff ∆ EG

2 kTr

φ− i
e

−
e

φ 2
2r=α

where

~~
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Coherence  by  Diffusion

WB WC

φ  =  ω τ

α   B =
1

cosh [2i   ]φ 1/2

φ− i
e

−
e

φ 2
3

φ  <<  π

to within cubic terms

∆ j

Wj

φ− i
e

−
e

φ 2
3 jjα j =

φ− i
e

−
e

φ 2
3N=α  =  Π α j

φ  =  Σ φ j =  N φ j

For large enough
gain phase     without
sacrificing magnitude

N
φ

assuming  no  return
(large  enough        )∆ j

if  N > φ 2
3 ln 2

α   >  π/2 at φ|   |

For φ = π N > 5need 
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Re α

Im
α

Re α

Im α

φ− i
e

−
e

φ 2
3 jjα j =

φ  =  Σ φ j

φ− i
e

−
e

φ 2
3N=α  =  Π α j

=  N φ j

"Stepped up"  diffusion

0.0 0.2 0.4 0.6 0.8 1.0
-1.0

-0.8

-0.6

-0.4

-0.2

0.0

 W >> λsc (diff)
 W << λsc (ball)

  ∆ >> kT
(coherent)

Re α

Im α

The fact that the magintude
of          deviates from unity
quadratically
in phase           is true for
any transport mechanismm

φ

α

For diffusion:

no return at the stepEssential condition:

Steps larger than optical phonon energy
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Dimensionless  Frequency, 2W   /2Dω

f T shifts  by a factor of N
due to enhancement of effective diffusion velocity

Resonant peak in current gain appears
only  for unrealistic values of  N > 19
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loaded with parasitics

T = 300 K

N = 1 5

h21

N = 5

U|     |



-23-7Lect
1993al.,etLuryiaftermeansotherbyCoherent

Comparison

Graded-gap 

τdrift

τdiff ∆ EG

2 kTrwhere

φ− i
e

−
e

φ 2
2r=α

Step-base

φ− i
e

−
e

φ 2
3N=α

∆ EGN  <where
Eopt

Same effect requires  r = 7.5
need     E    = 15 kT = 380 meV∆ G

For  N = 5  in  AlGaAs
need     E    > 180 meV∆ G ~

Consider  W = 2000 A  and  D = 40 cm   / Vs
Peak in  U  corresponding  to the 
resonance  will occur  at the frequency

2 

φ = π

f = 500 GHz f = 750 GHz
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Summary

Nature of gain roll-off with frequency
in  collisionless  base  transport

Phaseshift  in  coherent  base  propagation
can be used  to obtain  active transistor
behavior  above  conventional cutoff frequencies

Role of parasitics

Current gain at  f >> f T
Power  gain  at  f >> f max

It is possible to suppress Landau damping
in a cryogenic HBT with abrupt  junction

Oscillation frequencies up to 1 THz
are perhaps feasible at low temperatures;
"slow" operation is not  possible...
very stringent requirements on the parasitics.
 

Coherent  ballistic  transistor

It is possible to slow down and obtain
coherent effects at room temperature
in a graded-gap HBT

Coherent  drift-diffusion  transistor

Step-base approach appears preferable

Reduction of the parasitic base-collector
capacitance is necessary...
                      Need:   top collector HBT technology

Anatoly A. Grinberg & SL
IEEE TED 40, pp. 1512-1522 (August 93)

SL,  AAG & Vera B. Gorfinkel
APL 63, pp. 1537-1539 (September 13, 1993)


