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In recent decades, the higher layout density and low-power advantage
of CMOS technology has eroded the BJT's dominance in integrated-
circuit products.

(higher circuit density = better system performance)

BJTs are still preferred in some integrated circuit applications because
of their high speed and superior intrinsic gain.

v faster circuit speed

x larger power dissipation
- limits device density (~10% transistors/chip)

Si (npn, pnp) = SiGe HBT = GaAs (InSb) HBT



BJT Types and Definitions >

The BJT is a 3-terminal device, with two types: PNP and NPN
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Review: Current Flowin a
Reverse-Biased pn Junction

® In a reverse-biased pn junction, there is negligible diffusion of
majority carriers across the junction. The reverse saturation
current is due to drift of minority carriers across the junction and
depends on the rate of minority-carrier generation close to the
junction (within ~one diffusion length of the depletion region).
— We can increase this reverse current by increasing the rate of
minority-carrier generation, e.g. by

> optical excitation of carriers (e.g. photodiode)

> electrical injection of minority carriers into the vicinity of the
junction...



PNP BJT Operation (Qualitative)
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A forward-biased “emitter” pn junction is used to inject minority carriers
into the vicinity of a reverse-biased “collector” pn junction.
= The collector current is controlled via the base-emitter junction

To achieve high current gain:

* The injected minority carriers should not recombine within the quasi-neutral
base region

* The emitter junction current is comprised almost entirely of carriers injected
into the base (rather than carriers injected into the emitter)



Base Current Components
(Active Mode of Operation)

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 |I5|)

4. Recombination in the base-emitter depletion region
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BJT Circuit Configurations )

g _‘ — Voo i) j; i
| Y ’ ) foni)

Wean )

|
RN e (i H *ﬂ iy

o o (N

CB: Common Base CE: Common Emitter CC: Common Collector

Output Characteristics for Common-Emitter Configuration
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BJT Modes of Operation
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BJT Electrostatics
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Emitter Base Collector

pnp

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

Emitter Base Collector

pnp

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

11



L1 EEEEEEEE]
. 2. EaamEEmEEE)
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BJT Performance Parameters (PNP) % OO

Emitter Efficiency:

Y = ,
lEp‘l'lEn

N relativeto |1 + 2

Base Transport Factor:

%
Ar = —p
lEp
\ relative to 2]

Common-Base d.c. Current Gain:

Adc = Yy ar

14



Collector Current (PNP) ) e

The collector current is comprised of:

2| Holes injected from emitter, which do
not recombine in the base

3| Reverse saturation current of collector
— junction

Ie = agclg + Icpo

where I-po is the collector current
which flows when I = 0

Ic = ag.(Uc + 1) + Icpo

Aac Icgo
lr=————Ip + ———
¢ l—adc B l—adc

= Blg + Icpo
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Notation (PNP BJT) , Assumptions ; T
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Emitter base Collector
VE._I L/ I_. VC
p+ n p-
| |
X” O”I '0 [/[ll X I O’ xl
Notations:
NAE :NE >> NDB :NB > NAC _NC
Dnr = Dg DpB = Dp Dyc = D¢
Lyg = Lg LpB = Lg Lyc = L¢
Tne = TE Tpp = TB The = T
Npor = NEo Pnog = PBo Nyo. = Nco

Assumptions:

1) 1-D structure

2) W <« Lp andis constant

3) Like diode gen-rec in depletion region is negligible
4) Uniform doping + step junction

5) Low-level injection everywhere!
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“Game Plan” for |-V Derivation

Emitter base Collector
Ng Dp DPgo
Vg
14
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M/'
currents JE
Jc
U (0)
ng(x'") Jeo (WY ne(x')
I O,)
Jen©) g P20 %
x'! 0110 w 0" 0’ x'
IEP(O) IEn(OH) ICp(W) ICTL(O’)
dApg dAng dApg dAng
Ip = —qADg — qADg ——; Ic = —qADg + qADg ——
dx =0 dx xrr=0rrs dx x=W dx x1=0/

minority-carrier diffusion equation (different set of B.C. for each region)
minority-carrier diffusion currents at depletion region edges
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Minority Carriers 2 T
5: (EEEEE
Emitter Base Collector
Ne De Ng Dp Dso Ne D¢ ng,
Veo— . e V.
p+ n p-
. x// 0//I IO VII/ > I 0/ x’
Carriers: Steady-State solution is: 22N A
n n
4 4
= L, =.D,T
dx? D,t, (L nTn)
Ang(x'") =0 eX"/LE + E,e=*"/LE

Apg(x) = Bye*/LB + B,e~*/LB
Anc(x"") =9fe*'/lc 4 C,e*'/Lc
Ang(0") = ngo(eVEB/KT — 1)
App(0) = ppo(e?VEB/KT — 1)
App(W) = ppo(edVes/kT — 1)

Anc(W) = ngo(e9Ves/kT — 1)
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Minority Carriers — Active 3 [
4. aT1
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Emitter base Collector
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Minority Carriers — Saturation : T
5 o111
Emitter base Collector
Ng Dp Pgo Ne Dc ng,
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Saturation: forward forward
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Minority Carriers — Cut-off 3 [
4. aT1
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Emitter base Collector
Ng Dp DPgo Ne¢ D¢ Nco
VE VC
w
N
W x 0 x'
------------------- nCO
PBo
ng(0") i pg(0)
nEO E — pB (W) TLC (0’)
.............. - N . b_ ,
x'! 0" 0 w' 0 0 X
Cut-off: reverse reverse
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1.1 o111
Ideal BJT! . T
4, 11
VE Emitter = Base — Coll
=
X010 wo

WKLy (=0

Apg(x) = Bye*/'8 + B,e*/lB =~ B! + Blx

Apg(0) — Apg (W)
Apg(x) = App(0) — [ 2 W = X
Apg (W) = pgo(edVeB/kT — 1)
where
App(0) = pgo(e?VEB/KT — 1)

PBo
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Current Equations - IE 5. Crrrr
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Emitter Base Coll
dAn
I5, (0") = —qADy —— ‘L_L
dx xr=0rr + A w
D I | X
— _qA_EnEO(quEB/kT —_ 1) 4
Lg
dAPB DB
I, (0) = —qADp ——| = qA+,; [8p5(0) — App(W)]
x=0
Dp
— qA_pBO[(quEB/kT — 1) — (quCB/kT _ 1)] .
o S
n
Ngo = N
xll 3
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Dominant term
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Current Equations-IC, IB : e
“Base olector v - — < —
T C No recombination in Base IEp(O) = Icp(W)
VI X I), x' DchO
le,(0) = —qA—p—= (e®es/¥ — 1)

Ie = Icp(W) + Icn(O')

D
BMZ;BO (quEB/kT — 1)

—qA {DC”CO n DBpBO} (quCB/kT . 1)

:qA
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Considering Recombination in Base

Apg(x) = B;e*/!B + B,e*/LB

Apg (W) = pgo(edVes/kT — 1)
Apg(0) = ppo(edVEB/KT — 1)

qVEB Slnh MZ;X qVCB Slnh %
App(x) = ppo(e kT — 1)————7— + ppo(e kT —1) W
smh5 smhL—
Dgngoy  Dpppo qVEB BPpo , 2VcB 1
Iy = + th% (e " —1) — g4 (e kl —1)—
Lg Lp Lp sinh
BPpo , 4VEB BPBO W cNco| , LYcB
[- =qgA e kT —1 — gA th — + kT — 1

Ig =1 — I
25



Quasi-ldeal BJT!

w

AQ qA qA
Igy, = £ = j Apg(x)dx = o W(APB(O) + APB(W))
Tp [3:; J TB

qVEB
_ 3P0 (T _ 1y 4 (e — 1))
2Tp

Hence: <

Ic

=]E
=IC

ideal

Valid for all regions of operation!

ideal I,

Ip = Ip

ideal

qVcB

Dcneo (e K —1)

O5Me0 (5 _ 1) 1 g4
E C

P »o X
H'\'Q H\'Q Hlx(p H,\'Q

Dnn W
IB=qA[BEO+ pBO]

IB' —_ qA

qv Dcn w
ek_%B—l)+qA[ clico , ZPBo

LE'\'25 ZTB LC ZTB

N

5| ~4x10° ~75x%x10° |4
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Quasi-ldeal BJT! 3 e
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N—
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CB: Common Base 3 C
4 mamm
5 mamam
ir i Input Characteristic Output Characteristic
= o o %_ i A /C\D,' c A Active
+ p+_In | p- E S 5 STIA
Vep Upc _ @," Il pras
> + + very little ST © 2mA
+ dependence to I,’ N 2 1mA
output voltage / 3
§ [ Icpo I =0 _
VEg —0.4V  Cut-Off VcE
D
: I Ig, ~—HLE 1.
ldeal: aT = — adcz —_— = ]/ o — —
Ig Iz  DgPgo n Dengo 1 4 DEg"NDB';W
w Lg Dp*Nag/Lg
ICp 1 1 Nl
Nonideal: ap = = = 5 R _
W 1/W Agc= aArY
I, coshp> 1+ 2(5)
: Icpo
I-po Leakage current of BC diode L -
Determined by n-g as n¢y > Ppo tin 1P J[
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CE: Common Emitter 3 e
4 a1
5 o111
[ ic Input Characteristic OQutput Characteristic
g == +
© & ; is A V'E =0 _ Adaturation Active
| ! lc 30uA
VeH i Ve >0
B o UEC very little ':' CE 20uA
+ |E"‘ + dependence to ," .
O ~ output voltage /! 10uA
= '/ > / Icgo Ig = 0\
------------ VEB 0.2 Cut-Off VEc
Dgppo 49VEB
W < L_C IC ~ gA e kT . ﬁ _ I_C _ DB pBO_ LE
VCB < O - DETLEO qVEB dc IB DE nEO Wll
Veg > 0 Ip ~ kT e
E AE
—MN
NDB
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ICEO and ICBO ) o
ICBO
_ lIceo

.;l:-i- ICEO > ICBO
— T

Icgo = Ic, + Ic,, = Icpo + Baclcpo
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Ebers-Moll Equations . oo
4. mEnm|
5. mEEEE|
Normal Inverted
Apg op op
—+—> —>
n IEI ICI IEI < 0
N I <0
B s Ap C Cr
I En ICN ..........................
0 W 0 w
Normal
(APC=O) ﬁ IEN:aApE y ICN:bApE
Inverte
(APg = 0) > Ig, = —bApc ; I¢; = —alpc
= aVEB
{IE =Igy + g, = alpg — bAp;  ON = len/Tey I = IES(e KT — 1) + a;lc,
Ir=1,,+ 1, =bApr —alp — ~ aVce
¢ CN C(I E CA a; = ICI/IEI . IC = aNIE - Ics(e kT — 1)
( qVEB )
IEN=IE58kT —1 ,Apc=0

qVcB

ICI=ICS(1—8 kT ) ; ApE=O
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Ebers-Moll Equations ) CEITED

vV
{IE = IEs(eqk% — 1) + aIICI IEO eq}i%B -1 Ico(qu'IqB —1
qVcB
Ie = aylg — Ics(eT -1 I »71: Z 4 I,
qaVEB E o—— — 9 C
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Charge Control Analysis

Normal Inverted
—_> R IEI ICI
IEN IC | e
QN ....................... QI
Cy = -
Tt T
N tl
Eny —Cny T e
Tpy o
fl' = 1 + 1 ) o o
“ E N TpN TtN Tt] dt
S.ma | . L 1 dQ,;
signal {ic=——0; _
- a pr Tt dt
. Qv 0O, dQyn dO
ip = . i : d
\ TPN Tpl — ;

1.1 -
2 O
3 i
4 i
5 =5
Generally:
( | 1 QI
I =1, + I =QN< . )__
| N I oy Tty Te,
Qn v
IC _ <N QI T
\ TtN Tpl Ttl
Ay = ICN/IEN a; = ICI/IEI
= TpN : Tpl
’ + ” T, + Tp;
_ Qn . ICN -
Ig, = — . "
TPN o .
Oy O
IB = IBN + IBI _ )
TpN Tpl



Transient Response
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Turn ON %

Turn-on: i E I
B=R, BB
aqQ Q
d_tB =Igp—— > Qp(t) = IgpTp + Ae~V/7
B

1C: Qp(0) =0 - Qp(t) = Iggrp(1— e~t/™)

( t) IgpT
C(t)—QB() I (1-etB) 0<t<ty
Ny Tt . Tt
. cc
ic(t) =1 =—
\ C cc =R,
. 1
ic(ty) =Icc -t =1pln Irc T
1 — ICC *t

IBB Tp
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Turn OFF 2
4. [T
>- 1
Turn-off:
dQp _ Qp s N
- _kIBB o - QB(t) = _kIBBTB + Ae B
dt Tp
.C.: 0 _ _
QB( ) turnOFF QB(OO)‘turnON IppTp J
— Qp(t) = IppTs ((1 +k)e /78 — k)
ic(t) = I¢c b<t<t,
t IppT
- ic(t) = Qii ) = Bf 5 ((1 + k)e_t/TB _ k) t>t,
t

1+k

I
cele g
Igp Tp

lsg =ty — L3 —>tsd=TB]n
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Non-ldeal BJT )

Deviations from Ideality:
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Base width modulation (Early effect)
Punch-through

Avalanche Breakdown

Geometrical effects

Generation-Recombination in depletion regions
High-level injection
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Base Width Modulation ] T
5. EamEn
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Emitter Base Collector
‘ VE | VC

WB (VC)

i ‘Saturation

BPBoO 30u4
=~ — qVEB/kT i
IE B IEp 4 w . ' 20uA
VCB ;‘_)W\‘_)IE;‘ ' 10uA
—V, Early voltage VcE
VBE %
Show that : : CE
Active: i, = Ise™T(1 4+ ——)
HW: _ aNsW V,

v
A Cic
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Punch Through . [T
4. aT1
5. (NN
Emitter ”F”Base Collector

Vg I VC
+
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Avalanche Breakdown ;
5.
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— —mBVCBO m~4
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Geometry Considerations
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pP-n-p _Individual device
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Current Crowding
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G-Rin Depl. Region , High-level injection % oo

p-n-p Individual device

VBE
2V,
.. e 2Vt
Inig, i,

High-level injection, Kirk Effect

N
N
Bac I, high injection
<« —>
XX e =<'t vCE\ / R
Iz In depletion region Ic
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Small-Signal Model ; T
5. IO
Low Freq: . . _ I_C _ IC
* Im =V T kT/q
vrc< T ImVn ﬁF
i B Iy = — = Bp-Tm
‘ Im
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— UI? T ==Cx @gmvn %To C 0
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