Lecture #15

OUTLINE

The Bipolar Junction Transistor
— Fundamentals

— Ideal Transistor Analysis

Reading: Chapter 10, 11.1
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Bipolar Junction Transistors (BJTs)

» Over the past 3 decades, the higher layout density and
low-power advantage of CMOS technology has eroded
away the BJT’s dominance in integrated-circuit products.

(higher circuit density - better system performance)

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

v faster circuit speed

x |larger power dissipation
- limits integration level to ~10* circuits/chip
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Introduction

 The BJT is a 3-terminal device
— 2 types: PNP and NPN
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(a) pnp (b) npn
» The convention used in the textbook does not follow IEEE
convention (currents defined as positive flowing into a terminal)

*  We will follow the convention used in the textbook

Charge Transport in a BJT

» Consider a reverse-biased pn junction:

— Reverse saturation current depends on rate of
minority-carrier generation near the junction

= can increase reverse current by increasing rate of
minority-carrier generation:

» Optical excitation of carriers

» Electrical injection of minority carriers into the
neighborhood of the junction
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PNP BJT Operation (Qualitative)

“Active Bias”: Vg > 0 (forward bias), V5 < 0 (reverse bias)

“Emitter”
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BJT Design

» Important features of a good transistor:

— Injected minority carriers do not recombine in the
neutral base region

— Emitter current is comprised almost entirely of carriers
injected into the base (rather than carriers injected into
the emitter
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Base Current Components

The base current consists of majority carriers 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
*  Reduces | Ig|

4. Recombination in the base-emitter depletion region
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Circuit Configurations
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Modes of Operation

Vieg (pnp)
Vg (npm)y
"
Active Saturation

. Vow (pnp)

Common-emitter output characteristics
U vs. Vip)

i ?i;.ﬂm;niun

A I ]

¢t Vep=0
L

|
"
:llll/

Active Ig=0

Cutoft

W —
'ﬁ-mt'rw;\\/;:\ TerTreres /, Ve (prp)
Ve (npn)

B BN NN

"R Ve (npm) lg=0— —— !
Iy =0 3 = — | ClI
Inverted Inverted i |
wctive | .'I. |
Saturation
Spring 2003 EE130 Lecture 15, Slide 9

BJT Electrostatics

* Under normal operating conditions, the BJT may be
viewed electrostatically as two independent pn junctions

Wy
Emitter —»je— Base Collector
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BJT Performance Parameters (PNP)

« Emitter Efficiency: * Base Transport Factor:
— IEp — 1Cp
y_ IEp+[En aT _E
— Decrease (5) relative to (1+2) — Decrease (1) relative to (2)
to increase efficiency to increase transport factor

« Common-Base d.c. Current Gain: @ ;. = )Q;
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Collector Current (PNP)

» The collector current is comprised of

* Holes injected from emitter,
which do not recombine in the base ~ (2)

* Reverse saturation current of collector junction — (3)

]C :adc]E +]CBO

where Ig, is the collector current
which flows when /. =0

Io=o,(I.+1,)+1p e woe | rw 4> ®
Jo=_%a 7 4 L g B > -
“l-a, " 1-q, « Common-Emitter d.c.

Current Gain:
=Pl + 14

—_— adc
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Notation (PNP BJT)

Emitter Base Collector
7 2.
Pt % N / P
7 7
P —— x|
x" « ‘ 0 . W > xl
0 0
1 \ 3
1 { ]
I I 1
Ng=Nyg N =Npp Ne=Nyc
D =Dy Dy =Dy, D =Dy
=1, =1 =T,
L= N2 LB_LP2 Lc= N2
Mgy =N, =0/Ng Py =Py =10/Ng  ngy=n,=n"/N
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Ideal Transistor Analysis

Solve the minority-carrier diffusion equation in each quasi-neutral
region to obtain excess minority-carrier profiles
— different set of boundary conditions for each region

Evaluate minority-carrier diffusion currents at edges of depletion
regions

Iy, ==qADy dj:"E =0 Iy, ==qADy d?i[;B =0
Io, =gADSGE Io, ==qAD, "3

Add hole & electron components together - terminal currents
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Emitter Region Formulation

. . . Emitter Base
» Diffusion equation:
d’A A i N
- g _ Big
0=D, dx" Tk N
3 " 0
* Boundary Conditions: | 0 |

An,(x" - 0)=0

Ang (x"=0) = ng, (7" 1)
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Base Region Formulation

. . . tte B Coll
« Diffusion equation: - = =
N i
d’A 1y
0=D, s — s

dx Tp x|
40 A

* Boundary Conditions: 0 . 0

Ap;(0) = pBo(quEB/kT -1)
Dp, (W)= pBo(quCB/kT -1
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Collector Region Formulation

. . . Collector

« Diffusion equation: = e
v P

_ d*Mne _ Dng
0=De ax? T —tx !
N w >

* Boundary Conditions: | o

1 1
An (x' - ©0)=0

An(x'=0) = ney (e =1
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Current Formulation
Iy, ==qAD; G
Iy, =—qAD, délig =0
Io, ==gAD, "3
I, =qAD. dﬁ:'p =0
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Emitter Region Solution

2
- The solution of 0= D, Lo -2 jg;
dx" Tg

AnE(xn):Ale—x"/LE +A2€x”/LE
 From the boundary conditions: An, (x" - ) =0

Bong (3= 0) = gy (T ~1)

we have AI’lE(x") = nEO(quEB/kT _l)e—x"/LE

and: I, = quZ_ZnEO(quEB/kT -1)
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Collector Region Solution

2
« The solution of (=D, L2 —Le s
dx' e

An.(x") = Ale_’““" + A"’
* From the boundary conditions: An.(x' - ) =0

An.(x'=0) =ng, (quCB/kT -1)

« we have: An.(x")=nq (e —1)e "

and: ]Cn :_qu_anO(quCB/kT_l)
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Base Region Solution

2
* The solutionof 0=D, ddAfB - s
X B

Ap,(x) = Ale_X/LB + AzeX/LB

qVpg kT _ 1)

+ From the boundary conditions: Ap;(0) = p,,(e
Dp,(W) = pg (qu(B/kT -1)

we have:
— qVeg kT _ WX/ Lp _,~(W-x)/Lg )
Bp,(x) = pyole ) e B

qVep | kT e*'LB _o,%/LB
+pBO(e < 1)( W/LB_e—W/LB
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+ Now, we know sinh(f) —ef=e®

+ Therefore, we can write: ’
Ap,(x) = pg, (quEB/kT _1)(6(W—);/Z:2:;W/_L;)/LB)
+ pBO(qucB/kr 1)( Wﬁ:_ W//LLBB)
- (w-r
as Apy(x) = pg (quEB/kT _1)%(%%
Vs KT smh [/LB]

s1nh‘V% )

+ ppole
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« We know cosh(f) = ee?

2

» Therefore, we have:

cosh(W/Lg,

qV kT qVep kT _
] qA pBO | sinh(W /Ly )( B 1) s1nh(W/L )(e ¢ 1)]

and:

— 4D 1 Vs /KT _ 1y _ COSh(W/Lm( @Ves /KT _ )]
Icp =qA s PBo[sonviz,) (e -1) Sinh(7 1 Ly) \C 1
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Terminal Currents

 We know:

Iy, = qALL)—ZnEO ("= =1)

— Dy
. qAZpBO

I

_ D, 1
Lo, = GA T Po sy (€
I,

cosh(W / L, CLCTE e P (quCB/kr _ 1)]
[sinh(W /L) sinh(W/Lg)
Vg /KT _ ~1)- cosh( /Lg, ( @Vep | KT _1)]
smh(W/LB)

- _qA nco (quCB/kT _ 1)

* Therefore:

I, = qA[( Ago +

cosh(W/Ly)k Vs /KT _ _(DB 1 X WVep IKT _ )]
pBO Snh(7 /L, ) N 1) Z, PBo sz, N 1

= Dy 1 k qViep /KT _ (DC co%h(W/LB)X qVeg kT _ )J
= qu(LB Pso sz, N€ D =\Tone, + 2 Z, Do smmr i, N6 1
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Simplification

* Inreal BJTs, we make W << Lg for high gain.
Then, since

sinh({) - & for £<<1
cosh(&) - 1+§ for é <<1

App(x)
we have: I
Ap,(x) Upg, (quEB/kT _ 1)(1 _%) App(0)
+ pro(e? ™ =1)(x)
l \+APB(W)
0 w

Spring 2003 EE130 Lecture 15, Slide 25

Performance Parameters (Active Mode)

y= 1 Assumptions:
]+ 2 De Ny « emitter junction forward
T Dy Ny Ly ! junction forwar
’B biased, collector junction
o = 1 reverse biased
T+ s W<<lLg
2 \L,

Bic = M2 Dy Ny L(E)Z
ny Do Np Ly 2 \L
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