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Bipolar Transistor AC Characteristics

depletion region depletion region
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Assume V,, >> kT /q andV_ >> KT /q.
The base minority carrier concentrations are then
n'(0) =n(0)—n,, =n, (e —1) =n e

n'(W,) =n, (e —1)=—n_ =0

po =
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Bipolar Transistor AC Characteristics
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Apply the minority - carrier diffusion model :
G/2=q9AW,/2 C/2=q9gAW, R=W,/gAD,

N QVye /KT Al A~

3 zzq.(wj 5 :zq.(wj
GR1 2,Z_R GR1 Wb
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Bipolar Transistor AC Characteristics
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Note that I, and I, are the electron * particle * currents crossing the
emitter - base and base - collector depletion regions.

These are distinct from 1. and I, the total emitter and collector currents.

The distintion arises from displaceme nt currents in the depletion regions,
where the displaceme nt currents arise from both capacitance and transit time.
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BJT Characteristics: Space Charge Transit Times

|
With an electron moving at velocity v between plates of a capacitor with

separation d and bias voltage V., equating the work done on the electron

by moving it through the electric field sz q€(x)dx to the work done by the
1 1(1)

t2 -
external circuit _[t Ve I (t)dt, we find |
' I |
O
V.:!c- = Vl TD
(1) = qv/d when the electron is moving between the plates [ |+
- at other times.
I(1)
The current I(t) in the external circuit is thus as shown — | fmq/2e
1.=D/2v
The width of this current pulse is D /v, while its mean | >
delay (centroid) isz, = D/2v. 0 T 2%

For the collector depletion layer, this is
the collector transit time.



BJT Characteristics: Space Charge Transit Times

n,=n_exp(qV,. /kT)~0
- n, =n_ exp(qV,, /kT I L be
b p P p((l > )V, (n,) a v, (n,)
-~
E

gl
d.r ar /
N+ I N+

Vc'h i w,
I T ]:‘i’

Referring to the right image (diffusion diagram), forcingV,, and V_,
forces the minority carrier concentrations n, and n, at the 2 edges of

A~

metal
metal

=2
Y
l
]
b

the base. Electron diffusion (convention) currents I~E and I~C then flow.

From these, we must find the external circuit currents I, 1. and I; .

Note carefully :

|- and I are defined in the directions which electrons move.

but are taken to be positive for electrons moving left to right.
|-, 1. and I; are defined in the directions of conventional current.
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W~ W“
I, - , 1)}
— E N+ |77 | P+ N+ % - _‘ — = q/21'
}:_.-—P —"‘"}’(.
Vuh ' Vch
LI_T‘]B |
- - - 2T
If a single electron enters the cb depletion region from the . T.=D/2v
i i | -
base, then the collector convection current is 50 §
T [
I (1) =q-5(t),
while the collector terminal current is
I(D__q/ZQ O<t< 2z, - l————_l-@QT
o 0 otherwise.
; ; ] ] 0 TC‘ 2 T(’.‘
The base terminal current is of the opposite sign

—q/2z, O<t< 2z,
IB(t) = .
0 otherwise.

Similar analysis applies to the eb depletion layer, but the EB transit time

will be here neglected. In our THz HBT work, we do not make this assumption.
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BJT Characteristics: Space Charge Transit Times

The Fourier transform of a rectangular pulse
1/2 O<t<?2
h(t) — TC - TC
0 otherwise.
is h(jo)=e""(sin(wr,)/wr,).

Approximating to 1* order in wz,: h(jo)=(1- jor,) =1+ jor,) " =e 1",

—‘ ——I=q/2t,.

21
The terminal currents can then be related to the convectlon currents :

ks YUK

c = IC (1- jor,)= IC (1+ jwr,)™ collector terminal current
=1, emitter terminal current
lc=zl-1.-(1- jor,) base terminal current
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BJT Small-Signal Characteristics (no noise)

N, =Ny, exp(qV,, /KT ) 4 v, () V, (n,) 7
W W — E 4 A L my=n,exp(aV,, /KT) =0
].':‘ _ d dr. o 1(‘ l R
o S | v+ d - N+ | § = g/2=09AW, /27,
, T T , T C/2=qAW,/2
eb LIJ ? cb cr2  gn R=W,/gAD,
TIH < Wh >

Ignore g (base recombination) to simplify analysis.
A =6h-(L/R+ jaC/2)=6n, - (QAD, /W, + joo-qAW, /2)
5|~c = (9AD, /W,) - dh,

But on, = (q/KT)-oV,., while at DC,
e (@ — 0) = (GAD, /W, ) - 1, = (GAD, /W,) - (q/KT )+ &V, = (Qlepe /KT) - 6V,

So, Al =q:(%c-(1+ jor,) &V, and 4l =q:<LTDC-éVbe where 7, =W,” /2D,

We now have the electron convection currents.
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BJT Small-Signal Characteristics (no noise)

N, =Ny, exp(qV,, /KT ) 4 v, () V, (n,) 7
e - T l My J C Ny =Npo exp(qV,, /KT) ~ 0
].':‘ d.r.
-— '% N dr P+ A ;é <IL R g/ZZQAWb/ZTR
) 7 . ) T C/2=gAW, /2
LIJ (R cr2 gr R =W,/gAD,
I
T 5 < Wh >
convection current terminal current
. ~ ql : | :
emitter é‘IE:qu-(l+ Ja)z-b).é\/be é‘IE;é‘IE :qic.(l_k Ja)rb).é\/be
kT KT
T Al epc ~ : Al enc :
collector ol = - -V, ) :5|C-(1—Ja)TC)=?°(1—JCOTC)'éVbe

base terminal current :

| : | .
Olg =0l =l Eqk%‘(l_ Ja)z'c)'é\/be—qk%-(l—l— Ja)rb)'évbe

olg :CIL%C‘ Jo(z, +17.) OV,
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BJT Small-Signal Characteristics (no noise)

C
I chx
I\ C
B Aﬁgb ?bi }i:(:
A \
+ .
Rbe§ T~ a—'-: V;)e gm I/beej :

Coeay=8n%s C, $ R,

We have just derived the standard hybrid - pi model where

|
Ciir = qk%l?c (7, +7¢)

I, = q:(%c (we lost this term by dropping g in the diffusion analysis)

e

112

qIEDC : qIEDC 1 qIEDC :
~—=-(1- = : -exp(—
o T (1- jor,) T 1t jor. - KT p(—Jor,)
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BJT Noise Characteristics: Diffusion Noise

v, (n) Lar v, (n,) N, =N exp(aV,, /kT)  972=0AW, 125,
o0 2 2 ~ _

I, r > » (% L7 n, = exp(qV,, /KT) <0 C/2= AW, /2
) vy i R =W, /gAD,
_T_ R _T_ g _ 2q'q(nl'+2npo) AW,

T T R,
\ ) g _ 2q_q(n2'+2npo) AW,
cr o og2 I, 2 g2 I, el . >
< W, > = GAD,

=2Q- W -(n1'+n2'+2np0)

Vaite Vaite
b

We consider terminal current fluctuations arising from I, *alone *.

This implies that we set the AC terminal voltages to zero.

~ AD L AD,
S, =2q-qW = (n'+n,'+2n ) ;2q-q

b b

.nl':2q. IE,Dc

~

From the diffusion diagram : I = TE = Dy

We now find terminal currents :
lc = rc '(1_ j27z‘fz'c): | i '(1_ jZﬂch):
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BJT Noise Characteristics: Diffusion Noise

g/2=qAW, /27,

.
di = V.. /KkT)
. 14 () 1iff 4 (n,) . N, =n,, exp(qVy, ~
I. ! ! @ ’ ? — L nzznpoeXp(quc/kT)zo C/2=0AW, /2
8 l AN b R=W,/qAD,
_T_ % @? R _T_ 5 =2q-q(n1'+2np°) A-W,
1 1 g a
| | o A AW,
c2 g2 /- c2 g2 i - lgralgra r 2
< W, % §|dm,diﬁ =2q- qC‘VD” -(n'+n,'+2n )

b

S.. =20qlg e '(1+(27z’frc)2)= 241 ,c asour analysis is1st order in (27fz,)
S~|B = (27z‘fz'c)2 'S~|dm = (2”{70)2 201 ¢ pe
S~|B|C = )2xfz, 'S~|diﬁ = )2xfz, 201 ¢ pe
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BJT Noise Characteristics: Recombination Noise

n, =n,, exp(qV,, /KT)
n, =n, exp(qV, /kT) =0

v, (n) o v, (n)
A @ " 1
o M
% R :Tl:

C2 g2 I, C2 g2 g,

< Vh g
SI9r1|grl = | :2q Ib(!)

(2

IB i Ic
Hence

S, =

§|B =2ql,

=1g, and 1. =0,s0

g/2=qAW, /27,
C/2=gAW, /2
R =W, /gAD,
o . q(nl'+2npo) AWb

. 2
o - 24q- q(n2I+2npo) AWb
T 2

n

Igrzlgrz

s GAD,

Vi Laitr q

. (n1'+n2'+2np0)
b
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BJT Noise Model For Circuit Analysis; Initial Result

e

metal
metal

& o
dr C
— e | Nt P+ N+ | § == B_|
~ ~

++ I
1
EMRbb

eh ch
I T 1}?

~

We have derived our BJT noise model

~

SIC =2Ql¢ ¢ §|B =201, +(27Zfz'c )2 201 ¢ pe §|B|C = J-2afr. -2q1¢ ¢

The other circuit elements are
depletion capacitances
contact and bulk resistances, which have normal kT noise as indicated.
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BJT Noise Model For Circuit Analysis; Reconsideration

11' dr. I.
e, 5 dr (
b T N+ P+ N+ T — A (: : :) A A
I b
V‘ ’ V’(‘)
< ’ EMRbb
T]If

We have found

SIC =20l ¢ ¢ SIB =201, +(27Zfz'c )2 201 ¢ pe S~|B|C = J-2afrc -2q1¢ ¢

metal

metal
24
2

It is troubling that we have found a correlation of base and collector noise
due to collector transit time, but not due to base transit time.

This is a consequenc e of our limiting assumptions on the base transport analysis.

Let us re - do the analysis with slightly greater precision.
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BJT Noise Model For Circuit Analysis; Reconsideration

i
5 S . v, diff! v, diff2 V, .
L e I e (ﬁ‘,) (n_)) (ﬁ3) |‘_ ]r
< ST 7 RS M o A Y
g ) 2SS N E g l 01 R % _T_ R
T IR 1 71
t C2 g/2 cr  gn C2 g/2 cr2 g2
— W2 >l < W,/2 >

We have separated the base into 2 sections. We concentrate on diffusion noise,
Ignoring generation/recombination noise. Note the W, /2 terms in the expresssions
arising from the finite elements of width W, /2.

n, =n, exp(qV, /KT) n;=n_exp(qV, /kT)=~0

§,dm|dm =2Q- SVA?E -(n/'+n,") g/2=q9AW,/2)/ 2z,
b C/2=qAW,/2)/2
3 AD Co _
S,dmldiﬁ1 :2q-\(/]V /; -(n,'+n,") R=(W,/2)/qAD,
— _nesoo Wh/2) GAW,/2) W7 7,
n,'=(n,'+n;")/2 GAD. > 8D, 4
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BJT Noise Model For Circuit Analysis; Reconsideration

<—1]l 3 d.r s K] [(' 1 ‘_ (n ) (n ) - 1
& N+ P+ N+ T 9 =
I~ -]
Vuh 8 : Vm j’
I TIH

Electron densities on the 2 sides of the box of width Wb /2 are nl andn, =n, /2.
The DC diffusion currents through either box are

_gAD gAD C gAD, |, -
| 4 - = ~(n,'=n,'/2) = =1
diff1 — W /2( 1 ) Wb/Z( 1 1 ) Wb 1 E
_ QgAD qAD gAD =
| - ( )— “(n,'/2) = “n'= |
diff 2 — Wb 2 b Wb 1 E
Noise current of |, :
~ gAD gAD C -
S =2Q- ©.(n,/+n,')=2 °.(n/'+n,'/2) =2ql.-(3
s = 20 W, /2 ( ') =2q- W, /2 (n,'+n,"/2) = 2ql ¢ - (3)
Noise current of |, :
~ gAD gAD

S = 2Q- ".(n,'+0) =2 L. (n,'/2 2ql. - (1
st = 20y (050) = 205 (1 12) = 20T - (1)

b
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BJT Noise Model For Circuit Analysis; Reconsideration

Idrr,ff 1

‘_Wt_b‘_ W —
N [+

e
I 14 -« I,
— I dr e 3 [c © AN 4A% o
& N+ P+ N+ T 9 == i
AR R R
Vuh Vch I
C

o
t

First we calculate the emitter and collector fluxes arising from 1 .. ,, noting that RC =z, /2

R/2

V:_nl .
1+ JowRC /2

~

. =1,+V/R= Inl-{

12

1/2 + ja)RC/Z} | -[1/2+ joRC/4]=1_-[1/2+ jor,/8]

1+ JwRC /2

1/2
1+ JwRC /2

l.=-V/R= |n1-{ }; | -[1/2-joRC/4]=1 -[1/2- jor, /8]
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BJT Noise Model For Circuit Analysis; Reconsideration

]dfz‘f?
W — ¥ gl
1 Ir."‘_ - ]{.
el dr _ e r o
< ST N+ |3 e w A% M
= v S =
I b R R
Vuh Vch l
ITIH

We then calculate the emitter and collector fluxes arising from I, ,, noting symmetry

~

I.=1,-[l/2— jor, /8] and  I.=1,-[l/2+ jor, /8]

Combining this with the I, transfer function :
=12+ jor, 18]+ ,-1/2- jor, /8]

~

l.=1,-1/12- jor, 18]+1 ,-[1/2+ jor, /8]

But, from our transit time analyis: 1. = 1. and I, = 1. — I -[l— jwr.] , hence
lc=1,/2+1,/2+0(jo(r, +7.))=1,/2+1,/2 and
IBETE—TC+ja)rC-rC

=1 ljoc, 14]-1, [ior, 4]+ - jor 12+, jor. ]2
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BJT Noise Model For Circuit Analysis; Reconsideration

We have found

:/2I/2andlzl-'7—cr_b|.'f_c_ij
B! B nl |:Ja)( + 4j:|+ n2 |:J6()(2 A

2
= qu_E +(3) and §|diﬁ2|diﬁ2 =2ql¢ - (1)

where §|diff1'diff1
~ Y,
S ]!d_ . (n,r)
| Sldlfflldlffl 4+ Sldlfledlffz /4= ZqI_E (I) l

2
i| L aitr 1 gitr 1 +|:a)(r7c_%ji| é|diff2|diff2
(Tb c j]

{
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BJT Noise Model For Circuit Analysis; Reconsideratio

We have found

The derivation was long and warrants checking for errors.






