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7.5, The Coupled Diode (Ebers-Moll Egs.)

m 1 m Coupled Diode Model

Images are from Texas
Instruments, 1958, what
are they?

Jack Kilby at Tl, developed (at least reported) the 1st IC using BJT technology (differential
amplifier, 5 transistors). At nearly same time Robert Noyce at Fairchild also developed one.
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» So you are a BJT device designer or a BJT IC designer... or your boss requests
that you do so in 1 week, there should be simpler ways than this to design your

BJT into circuits for various applications...
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» Furthermore, up to this point we mostly assumed EB strong forward and BC strong
reverse... for alternate biasing cases should we repeat all the derivations again? Or

develop a flexible simple circuit model?

» Lets develop the ‘Coupled Diode Model’ for a BJT that can be biased in more than one
way (a.k.a. Ebers-Moll equations). There are many models, we’ll do only one.

» Why is called ‘Coupled Diode’ ? Because we can solve the case for a pn and np diode
separately, and add the solutions to get the simple circuit model for pnp BJT.

First, lets look at base region
under some conditions we
have not yet considered... and
define some new terms...

Once again, it will get very

complicated then... then
become very simple...!
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» First note that the solutions for EB or CB hole injections can be linearly super-imposed
on each other. Note the voltages and depletion regions in the diagrams above.

» Subscript (N) refers to ‘Normal Mode’ and () to ‘Inverted Mode’ .

» Note Inverted Mode current flow consistent with Normal Mode direction (therefore has a

negative value).

1) Why the excess at one end and zero at other end?
2) Again, what drives current across the base?
3) Lastly, why is CB forward hole injection less than EB?
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» We previously showed:
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You should understand why
we switch the sign, and the
‘a’s and the ‘b’s for inverted!
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» Remember, we can add by superposition and include Normal and Inverted:

"

I, =1y + 1 = alAp, —DAp,

— A(quEB/kT _1) _B(quCB/kT _1)

» I. =1+ 1, =bAp, —alp,

r B(quEB/kT _1) _A(quCB/kT _1)

where A's and B's are just I,'s...

A=ap, and Bs=bp,
D
a=gA—Lctnh W, and b= qA—pcsch%
L, L, L, L,

however this is fora SYMMETRIC BJT... but

our doping levels not equal for E vs. C !!!
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» How can we account for asymmetric case (p+np)?

» I, = A( o ?Ven /KT _ 1) _ B(quCB T 1) can’t account for asymmetry here... why?

AD AD
[q P ]ztnhW” and b E[q P ]:schW”
LP LP LP LP
A=ap, and B=bp,

Hf ) However, reverse saturation currents (A, B)
need not be same for EB and CB!

» I =B(quEB/kT _1) _A(qucg/kT _1) .

can’t account for asymmetry here... why?

» Asymmetric: account for different* » Asymmetric: therefore different *

rev. sat. currents for each junction current transfer ratios also...
Iy =15 (e"VEB/kT — 1), Ap. =0 Iy =01 =01 (e‘fVEB/kT — 1) now we have
all 4
Iy =~Iog(e" 1), Ap, =0 Iy = 0,1, == Ig(e"T ~1) ZZZ%‘;’;’;C,
the point is |gg#l -5 the point is ay#a,
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» Lets add our 4 results by superposition again... we get the famous Ebers-Moll egs.:

"

Iy
I

= Ly + 1y = Lg(e”™/ —1) =0t I g™ —1)

» c =doy 1o =001 (eQVEB/kT _1) =l (eQVCB/kT _1)

Furthermore
(but we will not prove it)
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» We can rewrite using these _
(what are they again? ) APy = P, (e

» Ip = Loy + 1y = (e —1) = I (e —1)

’ Ap i Ap, _ I

I =1 —= -l (ApE _aNApC)
P, P, P,

» Io = Ioy + 1oy = 0 dpg(e7" 1) = Ig(e”' " —1)

qVeg [KT — 1)

B Cincinnati®

Ap. =p, (quCB/kT _1)

’ Ap Ap. 1
I =0l . — 1 c=- (aIApE _Apc)
P, P, P, " "
PE o [_P_E
IES Pn o Pn
E C
O— * :O
I
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» The whole point of deriving the coupled
diode model is so we can put a BJT in a circuit
using even simpler circuit components than a Igs - A
BJT (see diagram at right), and, because we a

can now bias in the circuit in any direction! True C

or false? E C
= O— » —0

: / -
» For a p+np BJT, reverse saturation currents B > Ic
for normal and inverted modes are the: same, O =

or different? Ape l - Apc
S ) [)ll

AD o Apr
Apg aylps i

¥

I
» For a p+np BJT, current transfer ratios for # OB
normal and inverted modes are the: same, or

different?

» The Ap. term in the diagram at right, is
dependent on: Veb, Vcb, or Vce?

» For a symmetrically doped pnp BJT (emitter
and collector doping the same), the reverse
saturation currents, and the transfer ratios for
normal and inverted modes are the: same, or
different?
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Ap,. G » Easy to get

A
I, =1 e —lo¢, I — Ap. =p ( Vs /KT _1) terminal currents, just
n " B sum them up!
)i (follow colors)
=5 (Ap; —ayApe)
P, ] ApE o ALE
ES P NYES Pn
n
» Why Current* ™ %>_
sources? Think
about how BJT E C
works... O T O
IE IC
» Why the extra _<.>_ e
p,, in the denominator T
of diodes? T s Apc 1 Icg pp <
Pn 4
Ig
OB A A
I =01 II:E s Iic
Ap Ap n
I, =(1-o )l —=+H0Ho Hl .. —< I,
pn pn :p—(aIApE_ApC)
ApC [ ¥ pn (qucB/kT _1) n
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T f;{’ls normal | o1, Ap_’iE |
» Now, you can wire a BJT in ™ %_%
any fashion you desire, and
favorably impress your boss! g_ o _g
. I I
» Clever analog circuit PN K
designers leverage this! \A/ , Apc
More flexible than a FET! —| oules € | lesDp” | —
Is 4B
. normal inverted
» Remember, all the building ' - ' N . —
blocks are based on CH5 NG cg/ \G) {cg)
diode behavior I, e t’B P ik ApE T’B p..
_ E C E B C
... See band diagrams for pt P p+ n p
normal and inverted at right
—E¢
=
At 1
+\\ .
4
T_J
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Apg normal Apg Again, current sources
I 4 4 I T | — g ;
B P NE have nothing to do
™ %..>_ with voltage across
that particular junction!
E : C Make s sense since
—_— _.: reverse bias, |, IS
Ig I: indep. of voltage).
. <
' Apc
n
IB OB ApE — pn (quEB/kT _1)
Again, yellow and green boxes really Ap. =0
are simple diodes! normal inv. /
A A
Example for ‘yellow’ box: I, =1 Pe -0, Pq
2) remember Ap-=0 in normal mode ’ *
A
IE — IES ﬁ IES (quEB/kT _ 1)
P
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A
TRUST THE MODEL! T ‘;PE normal_ | aytps —%| —
o > e
» What would Ig,I¢,I; be if:
— ’ -5
-both EB & CB reverse bias? — —
R S - -
11
-tougher question, would I be ';p
larger or small if symmetric pnp ‘ ol s Apc | | inV. |Ics pnc —
both EB & CB were in forward Is IB*OB
bias? What does the model _
reveal? normal inverted
s Veg)h +@_ ~ (e —
. e [ N
o 18t no net h concentration 11 e ' e T we | B P
gradient across the base so - - s & - .
nothing to drive I or I pt ||n p 4 pt n p
« 2nd W s narrow, so very —E¢
little recombination, so Ig
would be very small '_F"Evﬁ1
(negligible in some circuit —Ef—if | Pt Vel =L
designs). s Vesf | F \ Pl idVes o
O N— i
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» There are alternate representations... you can look at alt. circuit model in 7-11,
where we can get new terms needed for the circuit as follows:

» Eliminate the saturation current from the equation by multiplying the emitter current
equations by ay and then subtracting the collector current to get:

Ap Ap. 1
» I :IES—E_aIICS c=-5 (APE _aNApC)
P, Py P

I.=o,I. +1, (quEB/ K _ 1) where I = (1- oty o)l

» Similarly for collector current:

Ap Ap. 1
» I =0l —E_ICS = (aIApE _Apc)
D, P, P

’ IC = OCNIE — ICO (CqVCB/kT — 1) where Io = (1- oy o)l
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» Does the model have to be symmetrically doped
for the emitter and collector (same doping levels)? . Apg normal anlgs Ap—p5 —
Hint, two things in the model at right will depend on P -
: N i
doping, what terms are they? LA e
E C
» Why current sources? Hint, think of the basic oO— ® —O
definition of a current source, and note how they Iz I'
depend on Apg and Ap and the voltages inside <> K €
those are from another part of the circuit. ]
A inv. apc
al g 2EC | Ics
-, . G 1*CS Pp | m—
» If Vgg and Vg are both positive, what will Iz be Pn J \
and why? Very large, very small/zero, or the model 5 OB
does not provide this info.
» How would you change the model if Wz became e =
really large? Hint, would it still be a BJT? If not, @
then you eliminate two of the four circuit 7
components in the model, which ones? AIDE\ B P Apc ;
C
» Would the specific BJT shown at right run better B C
(higher amplification) in normal mode, inverted n p
mode, or will they be the same for both modes?

Hint, look at emitter and collector dopings... ]

» If you fed in all the terms for the boxes in yellow
and green, what would the equation reduce to? A
diode, a current source, or can’t be solved?
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