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Physical Structure of the BJT

C Emitter-Base
. Junction
e

E ) B  Collector-Base
1 .
B / Junction

Collector

Active Base Region

Simplified cross-section of an npn transistor with
currents that occur during “normal” operation

Active Transistor
Region

Cross-section of an integrated npn bipolar
junction transistor >
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Operation of the BJT in the Active Mode
SCR SCR: space-charge region
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(a) npn transistor with base-emitter junction forward biased, base-collector
junction reverse biased. (b) Potential-energy barriers for electrons.
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Operation of the BJT in the Active Mode ( * )

emitter base collector

P

(a)

Ilustration of BJT currents, using the BJT cross section (a) and energy-band diagram (b).

(*) S. Dimitrijev, Understanding Semiconductor Devices, Oxford, New York, 2000. 7
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Basic Operation: forward-active regime

n-Emitter p-Base n-Collector

® b - |~>0
C

Vyr>0 = injection of electrons from the Emitter to the Vy.<0 = extraction of electrons from the Base to the

Base Collector
injection of holes from the Base to the extraction of holes from the Collector to the
Emitter Base

Transistor Effect : electrons injected from the Emitter
to the Base, extracted by the Collector
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Basic Operation: forward-active regime

» Carrier profiles in thermal equilibrium:

In Po: No

10¥°cm3
NgE -

-WE-XBe -XBE

0

Wp

T T > X
Wg+Xgc Wp+Xpc+Wc

« Carrier profiles in forward-active regime:
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BJT in the Active Mode

Forward-biased Reverse-biased
Current flow in an
npn transistor
biased to operate in
ic the active mode.
Ijgcted holes (ig) hpee Becambined
s e S clectrons
| (7p2)
ok T [ - 4
L 5 0 ilpp O * O Uy O—
1 1 Bo :, I,
—> 1l e . — | |I e
L I | I
~ Vo + —: gy

*The electron flux “stream” is greater than the hole flux stream.
* Electrons are supplied by the emitter contact, injected across the base-emitter SCR and diffuse
across the base

* Electric field in the base-collector SCR extracts electrons into the collector.

* Holes are supplied by the base contact and diffuse across the emitter.
* The reverse injected holes recombine at the emitter ohmic contact.
Introduction to Microelectronics
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BJT in the Active Mode

Carrier profiles in forward-active regime:

. Inp,n
QN emitter 4 ON base QN coll.
NdE ———— NaB :
; - Ndc
ni2
N0 LN " Ndc
NdE NaB

-WE-XBE -XBE ? Wg Wg+Xgc Wp+XpctWc

EB junction CB junction

QN = quasi-neutral
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Hypotheses:

= One-dimensional device

= Ohmic contacts at E, B, and C
= 3 QN regions and 2 depletion
regions

= Low injection level

= High emitter efficiency

» Einstein relationship

= Boltzmann statistics valid in
the depletion region

= Wg<<L,— negligible
recombination in the base



The electron (collector) current - npn transistor
One-dimensional device + Einstein relationship

J, =qnu, E +4qD, an ? Sy 2 dn=E pl, ", :qd(pn) (1)
dx gqnu, 2 n dx - D, D, dx

—

dg J, ¢dp
J,=qpu,E—qD, y—L—+ L —=F
dx qpu, pdx
In the QN base (1) becomes

—_

_ pJ, _ d(pn)
Low injection level P =Ng>>n L D =q In (2)
High emitter efficiency J, >J, !

For negligible recombination J, = constant. Integrating (2) from 0 to Wy results in

Wpg Wpg Vag Ve
J, _[ pdx =qD, Id(pn)qun .anV)"B i_anniz e’ _e?
0 0 Boltzmann statistics

Wp Wg AD n2 Ve VB;C VB;E V:;e
jpdxz jNade%In:AJn:—vgB—”" e’ —e” ]:—Isle"” —e " ]
’ ’ jNade

0
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Minority
carrier
concentration

Law of the junction:
np(o) = 1llpo eXp(\]BE /q)t )
np(WB) = 1llpo eXp (VBC / q)t

_ a2
Ny, =0 / Nz

Ve >0, Vie<0

pﬂ() i)n ~ 1 T
¢ ______ : 1
: .
} Emitter Base Collector F

(¢) Minority carrier concentrations in the various regions of the transistor.

For constant impurity concentration in the base and low injection level

PJ, d()’”)_>dn_l,, _ 1,

p=N_, — =q———- = = — Diffusion current
D, dx dx qD, qAD,
ADn? | = e AD n>| "m T
I,,=—vg—”"’ ef —et |=_F2TMN | a0
fN dx NaBWB
aB
0
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BJT in the Active Mode

Ve >0, Vie<0
n> Vae Vac
n,=——; n,(0)=n,e % n,(Wy)=n,e g
aB
X
n,(x) EnP(O){l—W—B}
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Forward Transit Time

n,(0)

0 W

Excess minotity charge stored in
the neutral base

Operating frequency
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0= qn, (0)AW

2
2

T :Q:W
" I. 2D,

If W=10*cm (= 1um),
D, =125cm?s (=, 0,

10 %¢cm?
T, = >
2x12.5cm?/s
1. =4x107"%
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Diffusion Capacitance (Cp)

N

base

n,(0,Vee+dVgE)

np(0,Veg) |

o
<
e

Ex: 1. =4 x1019%,

I.=1mA — Cp=16pF
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Emitter efficiency

EB junction of npn transistor is an N*P junction. Electrons from the emitter
are injected into the base, but holes from the base are also injected into
the emitter. The ratio y=J,/J,is designated as emitter efficiency.

n

Negligible

-, L:.JIH.L
tpldx _onl,dx
)

B
—)j j N ;. dx;
E Emitter

region
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recombination

j pdx = j N dx
Base
region

Let us, once again, use

pl, nd, _d(pm)
D D 14 ()

n p

At the ohmic contacts E and B,
pn = ”,-2

Integrating (1) from E to B yields

B

ndx
_Ju _D, i Low-level
B . .
J, D,  pdx Injection
E J N ,.dx

Emitter
J n D n region
J, D ) J N ,dx
Basp
region 17
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Emitter efficiency
If the recombination current

Forward-biased Reverse-biased : Y
is negligible, we have
. N ,dx
% I D Ba.se
Injected holes (i) ™~ Recombined ) Ip —_n _—__ P TR I <<I,
; e S electrons )4 Dn N dde
i Em..itter
region
i | iy B% i - I
e g} B ] B g}
— ¥gp, < —: Vg
Base transport factor - a;,
I 1 w,
a, =25 = =]-—2
I, cosh(W,/L,) 2L
W, 0.2um W, 1
: - - a, =1- =l-— -
Example: T 0um T T2 T 20000
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The base current
Reverse-biased

/
e

Forward-biased

— Recombined
clectrons

(i)

Forward-active mode
< Ie < Ic

.

Iy
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I,=1,+I,,+1,, EI—C+(1—0{T)IC +1,,
/4

The Base Current
I,: holes injected from the base region into the
emitter region
I,: some electrons that diffuse across the base
do not reach the collector, but on the way they
recombine with holes. The missing holes must be
replaced from the external circuit.
I, : recombination current in the EB junction
(important at low current levels)
Usually Iy, <<l =1p=ly g

I,=1,+1,
I.=a,l, /-
"l-a,
I, = fely
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High ﬁ"’}w) "Ry
10-3 injection | = “"( 24T 2
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Collector and base currents as a function of base-emitter voltage
(After Ref. 14))
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Base and collector resistances
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The (Ebers-Moll) Transport Model of the NPN Transistor

I
Collector (C)

% - n .
BC + j] ¢ 1c
Collector .
. A g IE = IB + IC

Vce = VeB T VBE
Base Base (B)
A 4 .
VBE * . ¢ B

— Emitter Emitter (E)

_ (b)
(a) g

(a) Idealized npn transistor structure for a general bias condition
(b) Circuit symbol for the npn transistor
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Forward Transport Current

C

ic

n

lF‘ Collector
g ;
F p| Base
BRAE
\Y + ¢ :
BE Emitter
n

NPN transistor with Vg >0 and Vg =0.
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io=ip =1 {exp(v% j - 1}
)

current gain

B+l

F

20 < Br< 500 ( typically )

1C_

Bg: forward common-emitter

O: forward common-base

current gain
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Reverse Transport Current

—_ n
BC n A Collector
1 B B
—p— O ;
ip P Base
Br
iR Emitter
n
i i
E

Transistor with Vg~ >0 and Vi = 0.
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0.02 < B <20
. 1 +1.
i __E _ Br i
o0  Bg
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The Transport Model of the NPN Transistor

C
ilc iF:IS[eXP(VBE/q)t)_l]
A ip =Ls[exp(vpc /9, )—1]
PR Pr
y b 1) i i i
1 ik
B_Ei![s_i F R
g
i =1, ——=
EiiE ¢ ! BR
i, =i, +-&
iT:IS[CXP(VBE/q)t)_eXp(VBC/q)t)] £ B

Transport model equivalent circuit for the npn transistor
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The lateral PNP transistor
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Minority carrier flow in
the lateral pnp transistor
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Lateral pnp structure
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The substrate IE’NP transistor
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Substrate pnp structure
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Lelerrls It ptype substrate collector’ el t sl ienltele

H 1 holes J
p-type substrate collector
Minority carrier flow in the
substrate pnp transistor
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Operating regions of the BJT

BC junction
A
INVERSE é SATURATION
REGION o REGION
]
= :
(TTL logic) . (Closed Switch)

reverse bias

CUTOFF
REGION

(Open Switch)

Introduction to Microelectronics

> . i
forward bias BE junction

2

S| NORMAL,ACTIVE
z REGION

>

O

(Good Amplifier)
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Graphical Representation of the BJT Characteristics

D

- -
. 1
C e C C
B
A%
VCE CE <
%
E BE l E

Ist quadrant

Circuits for determining the common-emitter output characteristics

1

A
(D S

= J.

E
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Graphical Representation of the BJT Characteristics

3.0mA

c .
Saturation

i) Region \ Forward-Active °
1 5 Region . 1= 100 uA
€
C
t
0 1,=80uA

2.0mA T
c
u
r I_=60uA
r B
€
n
t Ip= 40 UA

B
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|
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Commom-emitter output characteristics for the BJT
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Graphical Representation of the BJT Characteristics

E C ‘ IC 1.0mA
I_=1.0mA
Ig B VcB

g [ I_=0.8mA
1
- p— 1
VEE = .

f f 1E= 0.6 mA

o 0.5mAT R
T
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T
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VCBCD ZSTiR/BR _ Ve O Voge
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p— §7 ¢ip/ Bk Common-base output characteristics for the BJT
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@ IE

-Veg 31
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Graphical Representation of the BJT Characteristics

I.=1|exp =2 [—1 0.010 10
c— s T 1 ,
¢l BC :-10 -2
/ E
/ L
0.008
/ E 10 -3
g - 60imV/decade —— |7/ - 10 "4
© 0.006 )/ F
= c 10
: / . 3
5 0.004 106 o
Ic S / ; g
* 8 / < / F 10 7
8 0.002 / F g
g / / 5‘10
/ / 10 9
0.000 3
-10
- 10
@)
[ -1

-0.002 10
0.0 0.2 0.4 0.6 0.8 1.0

Base-Emitter Voltage (V)
BJT transfer characteristic in the forward-active region

AV
AT

. =—2mV/°C —> Dependent of I
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The Early Effect

Active mode

Emitter | Base .
% o =1 eXP(VBE/@)
N % P 5 5
/ gqAD n; qAD n;
% I — n -t %I — ni
/ > M S N W
% j N .dx a5 B
%4 W aB Uniform base
/ - ’ dopin
% = ! ping
= Modulated by
ace Charge Region Widths 7, Bl
Space Charge Region Widh I | — Yem2 > YeB1 Vg (O Vip)
Base-width modulation or Early effect
Using linear approximation for Wy
W, =W, (1-v,, /V,) yields
i = Iso exp [V';E] = [, exp [V';E] (I+veg 1Vy)
(1_VCE /VA) &, \ 9,
vep/ Vy<<l V, : Early voltage

33
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The Early Voltage

4.0mA7

Ho~roo——0 QN

2.0mA7

~HoRREQ

OA

-15V -10V -5V ov SV 10V 15V

Collector-Emitter Voltage
Transistor output characteristics identifying

the Early voltage V,
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1000 I [ I I I I

T - npn transistor with 500 um?  —
Br emitter area

100

Substrate pnp transistor
(I with 5100 um? emitter area _

Lateral prip transistor with
900 um? emitter area

10 | l | | | |
01nuA 1puA 10mA 100puA 1mA 10mA 100 mA

Collector current ——= 35
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Typical Value,
1-Q2-cm, 10-pm epi

Typical Value,
5-§2-cm, 17-pm epi

44-V Device 20-V Device
5100 pm? 5100 pm®
Parameter Emitter Area Emitter Area
Br 50 30
Br 4 2
Vi 50V 30V
I 5x 10 O 10
I 1014 A 10714 A
Ico 2 x 107194 2% 1079 A
HV('EU 'E!ﬂ v 3[} vV
BVego 90 v 50V
BVego TVor9Vv TVori0V
TF 20 ns 14 ns
TR 2000 ns 1000 ns
Bo 50 30
ry 150 2 50 £2
e 50 @ 50 2
- 289 2Q
Base-emitter Cia 0.5 pF 1 pF
Junction { WVoe 055V 0.58V
", 0.5 0.5
Base-collector Cuo 2pF 3pF
junction { Yo 052V 058V
", 0.5 0.5

I Introduction to Microelectronics
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Vertical npn

Transistor with 2 wm?

Lateral pnp
Transistor with 2 pm?*

Parameter Emitter Area Emitter Area
Br 120 50

Br 2 3

Vi 35V 0V
I 6 x 10713A 6 x 10718A
f(‘ﬂ 1 pA | p;‘jk
BVego 8V 14 V
BVego 18V I8V
BVEgpo 6V I8V
TF 10 ps 650 ps
Tk 3 ns 5ns
s 400 €2 200 2
Fe 100 £2 20 2
ik 40 2 10 €2
(0 5fF 14 fF
Yo 08V 07V
n, 04 0.5
Cuo 5 fF 15 fF
Vo 06V 0.6V
n, 0.33 0.33
C:'n{:l {Ch,-,.{_]} 20 fF 40 fF
Woy 0.6V 0.6V
n, 0.33 0.4
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