Forward-Active Terminal Currents

m  Collector current: (electron diffusion current density) x (emitter area)
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(why minus sign? I~ is by def. “positive-in,” opposite to +x direction)

» Base current: (reverse-injected hole diffusion current density) x(emitter area)
(minus sign again reflects “positive-in” convention for /g vs. +x direction)
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Forward-Active Current Gains

» Emitter current: Kirchoff’s current law --> I = -(Ig + 1)

P
DWEDDWD

m The ratio of collector current to the magnitude of the emitter current is defined as
“alpha-F”

E}ananOAE%
IC [] WB ]
= =
_ F
IE [gDpanOAEE_'_E]DnanOAEE
o W 0O W O

s Op-->1 .. typically, 0z =0.99.
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Current Gains (cont.)

The ratio of collector current to base current can be found in terms of O:

1 1-a
Ip=—-Ip=1I-= _C_Ic = ICG”"""‘DFD
GF DGF (]

Solving for /- as a function of /g, we find that

0oy O

I = E}‘TFEIB = Bplp

A typical value is Bz = 100 ... with an uncertainty of +/- 50% since it is a
sensitive function of the parameters and internal dimensions of the BJT.
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The Saturation Region

»  VcEar) = 0.1V (approx) from the characteristics --> both the emitter-base and
the base-collector junctions are forward-biased

» Law of the Junction --> find minority carrier concentrations in the
emitter, base, and the collector

A P, (X) A an(x) AD,c(X)
emitter base collector
q
<

edge of
n* buried layer

-W,—x —Xxpr O w ;x

E~ *BE BE B
Wp *Xpc

—— electrons from B-E junction
—— electrons from B-C junction

= Both junctions are injecting and both are also collecting ... since the electric field
in the depletion region remains in the same direction under forward bias.

m Separate the electron diffusion current in the base into two components: one due
to the emitter-base junction (with zero bias on the base-collector junction) and
the other due to the base-collector junction:
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Ebers-Moll Model

Electron diffusion current in the base: multiply by the emitter area

VBE/ Vth VBC/ Vth

Idiffz (e — 1) HIg(e -1)|=-1,+1,

Emitter current /: three components
- I; due to injection of electrons from the emitter-base junction,
. -1/ Bg due to reverse injection of holes into the emitter, and

I, due to collection of electrons from the base-collector junction.

_ _ 10 0l 0
IE_—11+(—11/BF)+12_—%’HB—FDIIH2 Eb(FDI +1,
Collector current /-: three components (by symmetry)

- I, due to injection of electrons from the base-collector junction,

- I, / Bg due to reverse injection of holes into the collector, and

. 1, due to collection of electrons from the emitter-base junction

1

2 1 Dl|:|
I=1,-1,—— =1,-4+ [, =1,
C 1 2 1 2

Br % Br

e

Br=0x/(1-0ap)isthe reverse current gain
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Ebers-Moll Model (cont.)

“Standard form” for Ebers-Moll equations: define two new constants

IES=IS/GFandICS=IS/C(R,

Emitter current:

Ve’ Vi Ve’ Vy,
Collector current:
Viar/V Vaor/V
IC — GFIES(e BE th_ 1)—ICS(€ BC lh_ 1)

The collector current and the emitter current represent two diodes with current-
controlled current sources coupling the emitter and the collector branches
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Carrier Fluxes in Saturation

Both junctions injecting and collecting; holes injected into collector recombine
with electrons upon reaching the n* buried layer

For bias condition shown, I~ >0 ... injection from emitter-base junction still
dominates. (could have I~ =0 or even I~ < 0)

n* polysilicon :
hole diffusion flux

n'emitter

AN

majority

electrons
/.

electron
l diffusion é

majority hole flux from base contact .
p-type base

n-type collector

majority electron flux from collector
contact supplying injection into base

A

majority electron flux
to collector contact

minority hole diffusion flux

n* buried layer

majority electron flux from collector contact
to recombine with hole diffusion flux
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Ebers-Moll Equivalent Circuit

Diode Currents:
Be Ip= IES(eVBE/Vth—])
Ip= ICS(eVBC/Vth—l)

This model for the BJT applies to general device structures, with the four
parameters Igg, I -5, O, and Op being linked by “reciprocity”

Oplgs = Oglcs=Ig

»  Ebers-Moll must be simplified for hand calculation
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Forward Active Model

m [pis negligible --> can neglect current through B-C diode
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Base current control

» FEliminate forward-biased diode by replacing with a 0.7 V battery:
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Saturation

m Include both diodes in the circuit ... both as batteries

I 1o
B -
o—— —0
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+ o+
— 07V — 0.1V

At

note that the batteries make the controlled current sources irrelevent to the
circuit.
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