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Lecture 37 - Bipolar Junction Transistor
(cont.)

December 4, 2002

Contents:

1. Common-emitter short-circuit current-gain cut-off fre-
quency, fr

Reading material:

del Alamo, Ch. 11, §11.4.2
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Key questions

e How is the frequency response of a transistor assessed?

e What determines the frequency response of an ideal BJT?



6.720J/3.43J - Integrated Microelectronic Devices - Fall 2002 Lecture 37-3

1. Common-emitter short-circuit current-gain cut-off
frequency, fr

fr: high-frequency figure of merit for transistors

Short-circuit means from the small-signal point of view.

BJT is biased in FAR.
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Focus on small-signal current gain:

le
h21 - T UCeIO
[

For low frequency, hoy — Bp, for high frequency hop rolls off due to
capacitors.

Definition of fp: frequency at which |ho| = 1.
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Small-signal equivalent circuit model:

+

ib(A) Ve gné CrtCie ¥ gmVbe

le = ImUbe — jWCjC
ib = [gw + ]W(Cﬂ + Cje + Cjc)]vbe

Then:

9m — ijj

h pu—
2 gr T jw<C7T + Cje =+ Cjc)

Magnitude of hoq:

V93, + wiCT,
92 + w(Cr + Cle + Cje)?

|ho1| =
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2 +w?C%,
|har| = L -
92+ w(Cr + Cle + Cje)?
Bode plot of |hgy]:
log [h21| 4
BF

Three regimes in |hg]:

e low frequency, w < wg:

|hot| >~ Im _ Br

™

e intermediate frequency, ws < w K we:

LU((Z%—‘F (:}e + (;30)
e high frequency, w > w,:
Cj

‘h21| ~

C —F'(jye + (330
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Angular frequencies that separate three regimes:

Gn
w =

ST G+ Ch+C
W, = Im

c Cjc

Angular frequency at which |hg| = 1:

wr = Im
LG+ G+ C

In terms of frequency:

fT — gm
27T(C7r -+ Cje + Cjc)
Note:
wr
wg = —
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O Physical meaning of fr

1/27 fr has units of time. Define delay time:

1 C. Ci. C; T Ci. C;
Td = ="+ L4+ ]CZTtBthEJr o
2rfr 9m Im Im Br  Gm 9m
Four delay components in 7.
Consider response of BJT to a step-input base current:
Ictle ibic 4
towards
Ig+ip 7 Brib
— V e
LN T Vce
I J_<$> I=) y
0 T:d ;t

Att=0
Ip — Ip+1

Ast — oo
Vee — VBE + Upe

Io — Io+ 1. = 1o+ Grip.
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How much time does it take for ic to reach its final value?

Charge must be delivered to four regions in BJT:

e Quasi-neutral emitter

de = TtET
e Quasi-neutral base

qy = TtBle

o Fmitter-base depletion region

_ _ Cle,
Qje = UjeUbe = (2
m
e Base-collector depletion region
O
je ;
Qjc = CUjcUbe = Cjcvbe — (%

m

Charge delivered at constant rate to base. Time that it takes for all
charge to be delivered:

de + b + Qje + qj Ci. C; 1
= .j jC:TtE-FBF(TtB-l— / + jc):7

() 9m 9m 27Tfﬁ

3
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How much time does it take for ic to build up to Io+ 1,7

Since 1. = Briy,

T T, C C 1
6F 6F 9m 9m 27TfT
° T = ﬁ: delay time before i¢ increases to Io + 7

® T3 = ﬁ: delay time before i increases to Io + Bty

With sinusoidal input:

"
ib (1) Vbe gné CrtCie ¥ ImVbe

f T= fraction of 7; that goes into capacitorsT= vp. |= 7. |.

At fT . |Zc| = |Zb|
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O Key dependencies of fr in ideal BJT

* fr dependence on I¢:

Rewrite fr:
r 2m(Cr 4+ Cio + Ci.)  2m7rp1 4+ #L CietCle
atr ¢
Two limits:

e Small I-: limited by depletion capacitances

q Ic
fT =
27T]€TC]‘6 + Cjc

e Large I limited by intrinsic delay (dominated by 75)

1
Jr = 2MTE
log fT ,
A
2TE
/I

log Ic
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Alternative view of I~ dependence:

T, C.. C; 1
F 9m 9m 27TfT

Cje
Om
Cjc
Om

Td
B
AN N

BF

logt ,

log Ic
Standard experimental technique to extract 7p and Cj. + Cj:

_ 1
T__
d2nfr‘

>

0 1 _kT
dm glc
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* fr dependence on Vpe:

Vep T (B-C junction is more reverse biased) = Cj. | = fr 7

[but only in low I¢ regime of f7]

log fT ,

_1
2T

A 4

log Ic
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Key conclusions

e fr: high-frequency figure of merit for transistors: frequency at

which ‘hgl‘ = 1.
e fr of ideal BJT:

fr= I
e Delay time, 7, = ﬁ: time it takes for step increase in i3 to

yield an identical step increase in i¢.



