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BJTs Part Il
Outline

Cross-Section of fabricated BJT

Minority carrier concentrations
Approximations of current in the 3 regions
Gummel numbers and plots

High-level injection & Knee Current
Current Gain

Assignments:

Reading: Streetman and Banerjee §7.1-7.4
Reading: C. Hu §8.1-8.4
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Note: For n-p-n, the subscripts on the right
Term inology and Notation ( ) sides of the equal signs will flip from n to p or

vice verse (ex. Dg = Dy, in n-p-n) Why?
Because we are focusing on the minority

_J:—:WB——:L carrier types in each region!
—— Emitter Base Collector

\
pe N Q\ p
WEB":_':'___W_’?‘_WCB":
Ig Ip I¢
Wy Wpg W
Ng = Na,E Np = Nd,B N¢ = Na,c
DE=Dn DB_Dp Dcan
T = Ty TB:Tp Tc = Ty
Lg =Ly Lg =L, Le =Ly
le 2 nz
ng = —= Ny = Mip ne = —=
Ng 5N N¢

Sources: A. Doolittle ECE 3040 Slides
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Cross-Section of a Realistic BJT
» What type of BJT is this? eeping

n+ Poly-Si

SiO;

(e)

* Why are there extra n+ and p+ regions?

|
p channel stop

* Why do we need the SiO,? %Nw s%
Si0, ///

N-collector

Sources: Textbook, E. Pop ECE 340 Lecture Slides, C. Hu Modern Semiconductor Devices for Integrated Circuits
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Assumptions for Simplified BJT Analysis

« Back to our simplified analysis of a p-n-p. We will assume:
1. Holes diffuse from (ignore drift)
I made up entirely of holes (emitter injection efficiency y = 1)

Collector saturation current is negligible
Ignore (for now, then add it back in)

All currents and voltages are steady-state

Cross-sectional area of both junctions is and current flow is
essentially

o A WN

 What ratio of dimensions constitute narrow (short) vs. long base?
¢ Short: WB 3LB
* Long: Wy  3Lp

Sources: Textbook
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Narrow Base Minority Carrier Concentrations " "

« +x-dir: Current entering base: , current leaving base: ____ l Ver "‘T‘ \
« A is cross-sectional , Wg IS of the base ~ 1; e P { _____
» Recalling our equation for excess minority carrier L
concentrations injected at the edge of the depletion region ey
av .
(4p,, = pn(e kr — 1), we can write the excess h+ et Coteor
concentrations at the edge of the and
. . o -
depletion regions: LB v+ o0 64
App = pn(quEB/kT —-1) =
Apc = p,(e?Ves/kT — 1) = NI —
» Which simplify when EB is strongly (Vgg » kT /q) and e ECy
CB is strongly (Vep K 0)
» Also recall we denote excess carrier concentrations as a
function of distance 6p(x,) where 6p(0) = ; op(Wp) =

Sources: Textbook, E. Pop ECE 340 Lecture Slides
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Approximation of Collector Current "

* Now, we can almost find the collector (hole) current — "’T_ | .
(assuming ): dp ‘ iy e || T _____
I =—qAD,— S e
Xl x=mw, Y9 e
« From our discussion of narrow-base diodes (W, < L, ), o
% varies linearly with the approximation, and the .
slope is: ' “ }
dp ~ ~ (eqlt% - 1) fela | \Pnt 80 (50 ﬁeﬁ»
dx Wpg Wpg e
* Then, our current becomes: N
Dg n? aVgg [N = ) e A
Ic = qA Wo N, (e kT —1)
* \WWhich we can rewrite in terms of the ,
qVEB

IC — Is(e kT — 1)

Sources: Textbook, E. Pop ECE 340 Lecture Slides, C. Hu Modern Semiconductor Devices for Integrated Circuits

Columbia ELEN3106/4106 Fall 2025 Prof. Savannah Eisner Lecture 15 6



Base Gummel Number

qVEB 2 qVEB
« We can rewrite the collector curent I = Is(e kT i — 1),as I, = A 1% (e T — 1)

. e A\ i Nig s the intrinsic carrier
Where . the (UnItS. s/cm ) IS. concentration of the base material.

The subscript, B, is added to n;

2
G — Tl NB _ n; n W because the base may be made of a
B — D - n2 D_ B different semiconductor than the
B iB ~B emitter and collector material!
* The more general definition valid even for In the base and high-
level conditions: o s niz n
B J‘0 2 Dy
1B

- In the special case where n; = n?, Dy is constant, and low-level injection

( ):

W,
Gg = —1——j "Np(x)dx = L base dopant atoms per unit area
Dg’0 Dy

Sources: C. Hu Modern Semiconductor Devices for Integrated Circuits
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n-p-n. How can we tell? Plot in

Gummel Plots terms of Vgeinstead of |
« S0, now we know the base gummel number is

basically to the base dopant density

per area —
* The the base dopant density, the mIki ———————————————————

I will be for a given Vgg ]

* Gy contains all of the subtleties of transistor 2 107

design that impact al o N\ 60 mVidecade
* And... Gz can be easily experimentally

determined from the (semilog of I, 10710 -

and sometimes Iz versus __ ) |

10—12

Y

1. Extrapolate straight line to find the y-intercept.
Thisis ;.

2. Gg = Aqn?/ls

Sources: C. Hu Modern Semiconductor Devices for Integrated Circuits
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High Level Injection and Knee Current qv M

nzpznieﬁ‘

* Why does the slope decrease at high I-?

_ G qVee/2kT
* At large Vg, 6n(x,) in the base can become B ™ i€
larger than the base doping concentration: I o o Vee/2KT
5n(xp) = 6p(xy) el <
+ Recall in H.L.I., minority AND e -
. : 120 mV/dec
carrier concentrations are changed o
substantially in base region < S
= I 60 mV/decade
» Thus, the is increased by a T
factor of 2 and becomes 120 mV/dec 10710 1

* The current at which the slope changesis 1w~ —
called the ,

Sources: C. Hu Modern Semiconductor Devices for Integrated Circuits
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Approximation of Base Current T

What about the base current? . &%U@
« From our last discussion on , base current exists ®E§® g
primarily due to e- which T — - 4>p®
(a) are into the emitter across the biased EB junct i ]
(b) recombine with a small fraction () of the h+ transiting the be o
[, =1,(1inj. to E) + [, (recomb. with excess holes) ; : p
Iy ~ Ign + Qp/ 7 ¥ A

—q VB

|74 I
1 A4VEB (—’“\‘ Qp/1p
IB ~ IETl + ;AWBPTL (e kT — 1) e ""’""f
p TIWTRIAL - 3 &/1
. 00 0000Q > . X 23
* The current can then be written: —> e

0 'Wb » x,
ﬁ — I_C ~o IEp /\ qVcB
- ~ p(xa=Wy)=p e KT
IB IEn + IB,TBC. (s = 0) = pnch'iEB' T
‘ CB =

Sources: http://transport.ece.illinois.edu/ECE340S16-Lectures/NarrowBaseDiode.pdf

Columbia ELEN3106/4106 Fall 2025 Prof. Savannah Eisner Lecture 15 10



Emitter Gummel Number and Base Current

« Conveniently, we can express the base current in terms of another Gummel
number the ,

Similarly, n;g is the intrinsic carrier
concentration of the emitter
material. The subscript, E, is added
to n; because the base may be
made of a different semiconductor

than the emitter.

Sources: C. Hu Modern Semiconductor Devices for Integrated Circuits
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Expressions for Current Gain

B can be simplified in 2 ways:

1. If we assume in the base,
Ic  DglLg Ng
no recomb.) = ~
A( ) lgn,  DgWpNp
2. If emitter injection efficiency is perfect, g rec. > Ipinj. @nd
2
I¢ Lg
By—1) = ~ 2 (—)
IB,rec. WB

Where L4 = D7, and Wy < Lg
* Where did the square and factor of 2 come from?

* How do you find D 37 Recall

Sources: E. Pop ECE 340 Lecture Slides, http://transport.ece.illinois.edu/ECE340S16-Lectures/NarrowBaseDiode.pdf
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Approximation of Emitter Current

* Now, we can find the emitter (hole) current (diffusion only), Ve d
considering there is a small from the n-type base i O\ N
(#__ on diagram) 1§ B §J

N 7
* If emitter is long ) minority carrier concentration e
decays. If emitter is short, (W;«< Lg), straight line ) L
approximation applies.
« If emitter is long, expression for long-base diode: T =
[

I, =q4 D, i(quEB/kT _1)

E N Q To
.
Ln E @ e

« We can finally write total emitter current,

Dg DE qVEB
WgNg ~ LiNg

And, now we can calculate the FOM emitter injection efficiency, y = Ig, /I
Sources: Textbook, E. Pop ECE 340 Lecture Slides

Ig = Igp + Igy = I¢ + gy ~ qAN}[
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21 igh leve
Gummel Plot and B Fall-Off at High and Low I,- 0 s i base >
» Slide 10 recap: High I (used for ) 1074
. effect in the base flattens I, 2 07
I injected into emitter is because emitter is = oL
very heavily doped (it's practically impossible to inject more » N
than NE) 10 | Xcess base current
 Low I (used for low-power circuits) 0 0T o o8 10 12
* Non-idealities such as in the EB Vee
can dominate at low current levels e e e
I, =1,(inj. to E)+ I, (recomb. with excess holes) 125 _ _
* Recall we accounted for this with the diode ideality factor, ool E
- & 75 b _
. Ic . : _
 Summary: Current gain, § = i is degraded in ol :
high, low I cases 3 -

O_IIIIIIJ |IIIII |ll||| |lIIIII |lll|| IIIIlI |IIIIII |Illl|| |IIIIJ
107 107 107 1077 107° 10™° 107* 10~ 1072 107!

Sources: C. Hu Modern Semiconductor Devices for Integrated Circuits Ic (A)

Columbia ELEN3106/4106 Fall 2025 Prof. Savannah Eisner Lecture 15 14



Transit Time and Charge Storage

« By design, g » __ for current amplification. Let’s discuss the essential features of current
amplification effects (neglecting I ;,;)

* |In a properly designed amplification circuit, Iz can be ﬁ 8p(xn)
« The junction voltages are not clamped and will adjust themselves accordingly to changes Apg = ”
IB / IC =B IEp: —T:Z
* Due to space charge neutrality, the stored minority hole charge is determined by the e o 2
. Qp
Qp = IB,T'eC.Tp // output
. ! —>»
« I.depends on the stored charge, and an average : , which is much les: 2 t Apc = —pp Xn
than the average recombination lifetime (7,< 7,) i
IC = Qp/Tt Ip(recomb.) = ‘%"
input P
2
Ic Lp
By - 1) ~ z2<— =___>»1
IB,rec. WB

* Transit time: average time it takes for excess carrier to move from emitter to
collector

e Charge storage and transit time are crucial factors in determining the
and of a BJT, as we will see

Sources: http:/transport.ece.illinois.edu/ECE340S16-Lectures/NarrowBaseDiode.pdf, C. Hu Modern Semiconductor Devices for Integrated Circuits
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