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Chapter 10

BJT Fundamentals




Chapter 10

Bipolar Junction Transistors (BJTs)

® Over the past decades, the higher layout density and low-
power advantage of CMOS (Complementary Metal-Oxide—
Semiconductor) has eroded away the BJT's dominance in
Integrated-circuit products.

M Higher circuit density - better system performance

B BJTs are still preferred in some digital-circuit and analog-circuit
applications because of their high speed and superior gain

B Faster circuit speed (+)
B | arger power dissipation (=)

* Transistor: current flowing between two
terminals is controlled by a third terminal
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Introduction

M There are two types of BJT. pnp and npn.

E Emitter |Base | Collector C E o Emitter {Base | Collector C
Pt P . Nt P N

VEB = VE B T ~ VBE — B_VE

Ve = Ve V3 = llIB e VBE+ lTIB +VBC Vee = Ve~V

VEC = VE _Vc B B VCE = VC _VE
= Veg = Vg (2) pnp | (b) npn = Veg = Ves

B The convention used in the textbook does not follow IEEE
convention, where currents flowing into a terminal is defined as
positive.
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Circuit Configurations
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Modes of Operation
B Common-Emitter Output Characteristics
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BJT Electrostatics

B Under equilibrium and normal operating conditions, the BJT
may be viewed electrostatically as two independent pn
junctions.

Emiller——a--: Bbzl::q—— Collector
VR
P \ N % P
N N | Nag >> Npg > Nje

WCB > WEB

W :WB — XeB — XncB

VN P Ei W : quasineutral

— : Ep base width
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BJT Electrostatics

fe—— Wp—>

—— Emitter ——}«— Base —>t«——Collector ——

' N
N

P+ \ N \ P

N N

Wip»— e Wepg>
: - [} :

B Electrostatic potential, V(X) W

M Electric field, &(x) . | e

B Charge density, p(x) s




BJT Design

® I[mportant features of a good transistor:

B |njected minority carriers do not recombine in the neutral
base region =» short base, W << L for pnp transistor

B Emitter current is comprised almost entirely of carriers
injected into the base rather than carriers injected into the
emitter =» the emitter must be doped heavier than the base

©0 0

b OOO—/ pnp BJT, active mode
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Base Current (Active Bias)

B The base current consists of majority carriers (electrons)
supplied for:
1. Recombination of injected minority carriers in the base
2. Injection of carriers into the emitter
3. Reverse saturation current in collector junction

4. Recombination in the base-emitter depletion region
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BJT Performance Parameters (pnp)

I _, Negligible compared

TS G to holes injected
1 & from emitter
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| | e
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E ep T len Ep
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@and @ to increase efficiency to increase transport factor

Common base dc current gain: &y, = YUy
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Collector Current (Active Bias)

B The collector current is composed of:
M Holes injected from emitter, which do not recombine in the

base @

B Reverse saturation current of collector junction G)

_ lcgo :COllector current when I =0
lc =g le + e | ° |E‘
lc =0y (Ic +1g) + I @ SApIER

_ C CBO B

1_ adC 1 — adC —— Hole Flow 2 | ) @
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Common emitter dc current gain:
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BJT Static Characteristics




Notation (pnp BJT)

Minority
carrier
constants

Emitter

Collector
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Emitter Region

M Diffusion equation:
d 2AN AN Emitter Base
0= DE r12E o - |
dx T pt N

xﬂ‘

o-m—
Q...._

H Boundary conditions:

AN, (X" —> 00) = 0
An_ (X" = 0) = n, (eV=/T —1)
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Base Region

M Diffusion equation:
d°Aps  Apg

0=D; dx? T
B

H Boundary conditions:
Apg (0) = pgo (€™ ~1)
ApB(\N) = Pgo (quCB/kT _1)

£€r
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Collector Region

M Diffusion equation:

2 1S€ Collector
O:DCdAI;C_AnC /
dx’ 7o V P
B Boundary conditions: —;’ X (i) > x'
AnC (XI —> OO) — O
AnC (XI — O) — nCO (quCB/kT _1)
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ldeal Transistor Analysis

B Solve the minority-carrier diffusion equation in each quasi-
neutral region to obtain excess minority-carrier profiles (X
E )

M Each region has different set of boundary conditions o (%)
® Evaluate minority-carrier diffusion currents at edges of DE B(X,)’
C

depletion regions

dAn dAp

|, =—QAD, —F | =—QAD, —&

o = A T o S S o
dAn dAp

| . =gAD ¢ |. =—qAD B

en =97 T4 o e = e TG -~

B Add hole and electron components together =» terminal

currents is obtained
Emitter Base Collector

% Y IEzlEp—I—IEn
i N / - F | =1 +1
|E 7 | C c = lep T len

x"- + 4 > x 4 ' » x' IB:IE_IC
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Emitter Region Solution

d 2 AnE AnE Emitter Base

pt N
dx"? Te

B General solution:  An.(X") = Ae "= + Ag*t

H Diffusion equation: 0

De

- NN

o
)

M Boundary conditions: An_(X" —00) =0
AN (X" = 0) = ng, (™" —1)

B Solution AnE (X”) — nEO (quEB/kT _1)e_X”/LE
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Collector Region Solution

15€ Collector

d°An.  Ang ,

dx’? T 1
: , ’ —t e —— >
B General solution:  An_(x') = Ae ™/~ +Aed~ ¥ °

H Diffusion equation: 0=D. P

B Boundary conditions:  An.(x'— ) =0
An. (X' = 0) = n, (™7 —1)

B Solution AN, (X)) = ng, (™=K —1)e ™/t
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Base Region Solution

2 er Base C
d°Ang  Apg : ;

2
dx? Tq ! /////

B Diffusion equation: 0=D,

- O

W General solution:  Ap_(x) = Ae ™' + Ae¥'

® Boundary conditions: Ap (0) = pg, (eMes/KT _1)
Apg W)= Peo (quCB/kT -1)

M Solution WX/l _ a-(W-x)/Lg

ApB (X) = Pego (quEB/kT _1)( eW/Le

4+ (quCB/kT _1) eX/LB _e_X/LB
Peo e _ g WL,

— e_W/LB
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Base Region Solution

e° —g
2

B Since sInh(¢) =

k oW/l _ a-(W-x)/Ls
B We can write  Apg(X) = Pg, (quEB/ ' -1) WL W)L
e/ —e e

. (quCB/kT —1) eX/LB . e—X/LB
pBO eW/LB W/LB

_e_

sinh[(W —x)/ Ly |

sinh(W /L)
sinh(x/Lg)

sinh(W /L,

ApB (X) = Pgo (quEB/kT _1)

+ pBO (quCB/kT _1)
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Base Region Solution

_ d . d(es—eF) e +e
H Since ﬁsmh(é)_dgt j— 5 = cosh(c)

1y SOSW/Le) vy
sinh(W /L)
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Terminal Currents

mSince Ig=Ig +1g, lc=1¢, +]1g,

BThen =I.= qAK& N, +& D COSh(W/LB)](quEB/kT -1)

L L, sinh(W/Ly)
DB 1 qVeg /KT
_| __ b e CcB _1
[LB Peo sinh(\N/LB)]( )}

— IC — qA (& Pgo . )(quEB/kT _1)

L sinh(W/Lg)
_(& N DB COSh(\N/LB)](quCB/kT _1):|

n I
e, P sinnw /L)




Simplified Relationships

® To achieve high current gain, a typical BJT will be constructed
so that W << L;.

B Using the limit value Iglng sinh(&) =&

” 2
Iirrg cosh(&) =1+§— Due to V.,
o 2 Apgp(x)

B \We will have . I
e o)
Ap(0) W o
—E
Apg(W) W ok

APa(X) = 4P (0) + [Py (W) ~ APy (O)] | |

Due to V5
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Performance Parameters

M For specific condition of

B “Active Mode™: emitter junction is forward biased and
collector junction is reverse biased

BW << Lg, Ngo/Pgo = Ne/Ne

1 . 1
V= T =
1. De Ng W 1+1ﬂ2
DBNE LE 9 .
1 1
adc: 2! /Bdc_
.. D NBW+1(WJ D, NBW+1[WJ
D, N. L. 2(L, D, N. L. 2(L,




Ebers-Moll BJT Equations

Orlro

1D 1
:>| _ _B 20 qVEB/kT_
sinh W/L
cosh quCB/kT 1)
smh(\N/L

lo lro: EMitter and Collector o acand ag: Forward
Diode Saturation Currents and Reverse Gains




Ebers-Moll BJT Model

» Rewriting Iz and |- equations yields:
Io = Ig(e3VesT = 1) — ag Ipo (€?Vce!*T — 1)

Io = aplp(e?V@hT — 1) = [oo(edVes®T — 1)

* Those eguations can be represented by the
Ebers-Moll BJT model shown below:

Ip Ir
—_— ‘-
— D K e
E C .: fF=IFD(¢q EBRT 1) *:
— E IR = Igo(e‘?VCB“'*T -1) E
I . .
I —@— @—— < S—— A .




