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Bipolar Junction Transistor

UoC Physics

A Bipolar Junction Transistor (BJT) consists of three regions with alternating doping and conductivity
type: NPN or PNP

» The three regions are called Emitter, Base and Collector and correspond to three terminals /
contacts of the BJT device

» Two neighbouring pn junctions interact through their common central region (Base), which is very
narrow compared to the minority carrier diffusion length within it (W<< L)

Bipolar device means that its operation (currents) is based on both electrons and holes
A BJT can be used for current and voltage gain (amplification) or as a switch (ON and OFF states)
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In principle, a BJT could be a symmetrical device concerning the doping concentrations. However, the target
of good device performance practically imposes the use of heavily doped Emitter 2



Definitions of currents and voltages
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Figures from "The Bipolar Junction Transistor", G. W. Neudeck (Addison-Wesley)
Currents were defined to be positive when the device is biased to operate at the most usual condition




Four regions of BJT bias / operation — PNP case

reverse biased
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From "The Bipolar Junction Transistor", G. W. Neudeck (Addison-Wesley)



Four regions of BJT bias / operation — NPN case
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From "The Bipolar Junction Transistor", G. W. Neudeck (Addison-Wesley)




Three possible BJT connections in amplifier circuits

Input: ig, Veg
Output: i, Vec
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Figures from "The Bipolar Junction Transistor", G. W. Neudeck (Addison-Wesley)
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Energy band diagrams for PNP BJT
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Energy band diagrams for NPN BJT
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PNP at equilibrium — Charge and electric field UOCS
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V Figure from "The Bipolar Junction Transistor", G. W. Neudeck



P+NP operating in the active region
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Figures from "The Bipolar Junction Transistor", G. W. Neudeck (Addison-Wesley) E-B * Iy R
o ) _ depletion region depletion region
lg, © Injected holes (forward diffusion current) from B aily, Practically
Emitter to Base REG currents = et .
. e in D.R.s have  fc*Zp* Zn lg~1e and slightly >1.
I, - back injected electrons (forward diffusion current) been ignored Jy=Tg + Top - I3 l<<1-orl
B C E

from Base to Emitter ( lg,<< lg,due to p*n junction)

I, - holes injected from the Emitter that reach the Collector (I~ Ig, in good transistors)

I, - reverse current of electrons thermally generated in the Collector near the C-B junction and drifted to the Base

Iz, = lg, (small due to p*n) lg; = I, (sSmall reverse current)
Ig, : electrons recombining with some of the injected holes within the Base. Small current due to W<<L,
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NPN operating in the active region

N* P N
®
® TN N
I o
E s / 7 \\ E
C T qVae b \\ ¢

q| Vel

N

/ \
e, s s OOO \ \\ E,
\ q|Vgcl

\ —— e— — — et —
0

Figures from "The Bipolar Junction Transistor",
G. W. Neudeck (Addison-Wesley)
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Typical fabrication of Si BJTs
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Figures from "The Bipolar Junction Transistor", G. W. Neudeck (Addison-Wesley)
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Circuit variables and BJT performance parameters

pnp operating in active region
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P’-emitter N-base P-collector Currents for active region
R~ 000N =il
Isp{& NN A le=1lg, + g,
I
E IC

]Cn

Kirchhoff’s IS' low = =g+ 1. =

lg=lg—lc=1g; + 15, —lp;

From "The Bipolar Junction Transistor", G. W. Neudeck (Addison-Wesley)

Base Transport Factor : ar = — In properly designed BJT devices W < L, = ar - 1.0

I I
Emitter Injection Efficiency : y = tp_— _fp

Ig Igp+Ign

Dcalpha: a4, =

Considering that I¢p, > Icp, = Qge =

If in ptn E-B junction I, - 0 = y—-> 1.0



BJT performance parameters definition
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Dc alpha : a g, = —2 —IC”[ ! ]:aT[ L. ]:> Ay = YAt

If a; - 1.0andy-1.0 = a4, 1.0

. _Ic _ _Ic Ic Ic/Ig _ _Q4c
Bei' ﬁdc - IB — IE_IC : Bdc - IE(]-_IC/IE) - 1_IC/IE : BdC —

Ifage > 1.0 = By > ©

Beta is an important parameter, representing the current gain capability of the transistor

14



Output versus Input current equations

For PNP operating in active region

Common Base active region

I
Ic=Icy+Icn=arlp, +Icn=var—=+Icn =g lp +Icn = Ic = agcdp +1Igco (1)
Y

where Igco = I, IS the reverse current flowing through the C-B junction when I = 0 (open
circuit for the emitter / input)

Common Emitter active region

Agc Ipco
I
(1-agq;) B + (1-age)

EQ. ()= Ic=ag.(Ug+1¢) +1gco = Ic(1 —ay) = agdp +1Igco = Ic =
Baclp +IpcoBac+1) = I¢c =Pacdp +1Igco (2)

UoC Physics

where Igco = Igco(Bac + 1) 1S the current flowing through the three regions of the transistor when

Iz = 0 (open circuit for the base / input)

15



Circuit variables and performance parameters for NPN

npn operating in active region
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From "The Bipolar Junction Transistor", G. W. Neudeck (Addison-Wesley)
I
Base Transport Factor : ar = Iﬂ
En

Emitter Injection Efficiency : y = £ = —£n

Ig Ipn+Igp

I 1
Dcalpha: a4 = i = IEni’;Ep

Beta: Bgc = ;—;

UoC Physics

Currents for active region

lg=lg—lc=lg; + 15, g3

Common Base active region

IC = achE + ICBO where ICBO = ICp

Common Emitter active reqgion
Ic =Bacdp + Icko
with Icgo = Icpo(Bac + 1) 16




Analysis of ideal BJT

Objective: Derive relationships between the terminal currents and the voltages applied at E-B and C-B
junctions, for steady-state condition

UoC Physics

Assumptions:
» One-dimensional structure and

» Low level injection, zero electric field in the quasi-neutral bulk regions and base bulk region width W<<'L .,
» No recombination-generation in the quasi-neutral Base and the two Depletion Regions for an Ideal BJT

Current and voltage definitions
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Figures from "The Bipolar Junction Transistor", G. W. Neudeck (Addison-Wesley)



Coordinate axes and material parameters
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Figures from "The Bipolar Junction Transistor", G. W. Neudeck (Addison-Wesley)

Steps for deriving the steady-state I-V relationships:

» Determination of the minority carrier concentration distributions in the bulk regions of E, B, C —»
solution of minority carrier diffusion equations

» Determination of the terminal currents I, I, I from current components determined as minority carrier
diffusion currents at the depletion region edges 18



Current components in a PNP BJT
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From "The Bipolar Junction Transistor", G. W. Neudeck (Addison-Wesley)

Ic = 1c, (00 + I, (W) component

Ip =1Ig—1I
19



Minority carrier diffusion equations in a PNP BJT
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Ng(X'"), pg(X) and ng(x’) should be determined in the bulk E, B, and C regions
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Boundary conditions for minority carriers in PNP
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PNP BJT operation at forward active region

UoC Physics

Distribution of minority carriers in a PNP BJT operating in the active region

From "The Bipolar Junction Transistor", G. W. Neudeck (Addison-Wesley) 22



Distribution of holes in the Base w/o recombination
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Distribution of electrons in the p-type Emitter & I

+
IEP(0)='7A‘DB %/(co = ?fweg o [ 7VEB{L:74 ) e‘f'és/’fuj @ i’ WE i%—v:/__? T IgnP
, EIEp_ i" B _: ; ICg
Ie = Ig,0) IE" (0") o o o I | T % o
Y ) a:iﬁe/(_ g/_Alfe 3) aI’AnE”ci'_‘/ _ M) > a0 dle:"”/te ) e
ofx” Ix-o _dx L; _

\M De

Boundary &Y (x®)=0 == 48‘0

change of sign to minus to
give the correct I,
direction, since the x''-axis
IS opposite to the x-axis

conditions A”E(O/ G, e’. C'; =, ( 7 EB/KT

‘An (<")=, (e1E8/KT_y) ‘X/L;]@

mﬂo 0/“”6/

x'z0

@lAL_D: - (61‘/58/£7_1) @

D16) >

De 507 CWEB -1) [7ADs

De Weo
7, - ga[Peree , Do

E

s

@

-24




Solutions for |- and I; currents

UoC Physics

T | - JdOF ol O
!Id= -T(-p(w)"‘ Ic"(o’)@ 9ADs Is/x:w t 1'494 W/x’co
b

We can proceed in a similar way as in the previous calculations. However, the approximation of IDEAL
PNPBIT = Ig,(0) =Ig,(W) =I¢,(W) (8)

1.,(0"), given by the second part of Eq. (7), can be derived from Eq. (5) without the sign reversal and by
replacing C with E and Vg with Vg (X'-axis has same direction with x-axis)
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The current relationships of the Ideal pnp BJT
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Distribution of minority carriers in lIdeal pnp BJT N

UoC Physics

Active

e Saturation

s000000080000 CutOff

From "The Bipolar Junction Transistor", G. W. Neudeck (Addison-Wesley)
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Active region operation — pnp currents |
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Active region operation — pnp currents ||
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Forward Reverse
Bias Bias
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From "The Bipolar Junction Transistor", G. W. Neudeck

(Addison-Wesley)
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Saturation region operation — pnp currents
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Saturation region operation — pnp currents
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Forward Forward
o VEB2C v V>0 p
. A S
| Tl 277 v R
E —— '-’Q — IC
e ——— IE J IEP / -JZ ’[C -
- 7 e
. 7/ ‘ o - -y Figure from "The Bipolar Junction
% T Transistor”, G. W. Neudeck (Addison-Wesley)
IBI L IB3
IB

In Saturation region: The junction C-B is forward biased and holes of the p-
type Collector are injected to the Base and then pass to the Emitter. This
corresponds to current I'c,, = I'g,, of reverse direction compared to Iy, = I¢p

Iz Is much larger compared to operation in the active region. lg, is similar but
—lg; (> 0) becomes a large additional current component. The Base contact
supplies electrons that are injected (forward bias) in the two junctions

Il and 1. may become
negative for Vog> Vg

lc < 0 = operation in
inverted saturation region
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Cuttoff region operation — pnp currents
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© Ves0
P EB N \Veg<o p \/‘EB <o 7148/47 ’ | 7%3/57
% 7 -y 2 KL wl T &l
Ig ' / VCB <O ‘
NN B e ,,
@ % V% lcn —
%
% | | ////
o L . I <0
From "The Bipolar Juhction Transistor”, G. W. Neudeck (Addison-Wesley) \ additional terms if W >> Lg
' \,_— Or
Why are there only the reverse current Ay \d D
X i & o 4 —_ 2 _B
components I, and I, Le 7% LE IVE( FB “ff\,’ ( qAn; LBNB)
Due to W<< Lg the Base is fully depleted of minority Id ~ 5//1 . De (4 Ant De )
carriers (holes for pnp) Lol 19% g,

APu () = puole i —1e i Tp ~-9An> 25 — 440t De
Zfﬁ/p LC{IU(_;

Since V<< 0= Ap,,(X) = —ppoe /'
E.g. at x=L,/10 — Ap,(E)= —pyee” /10 = —0.90p,, ;



Inverted active region operation — pnp currents

Reverse Forward
P* \/EB <C N \fc_g 70 P
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From "The Bipolar Junction Transistor", G. W. Neudeck (Addison-Wesley)

For operation in the inverted active region, performance
parameters %, a4 g and p.r are defined, which are
smaller compared to those for operation in the forward
active region, in the case of a p*np transistor

L. .. I :
The Collector’s injection efficiency yg = - i’; is much
CpTIiCn
L . I
smaller than the Emitter’s injection efficiency y = —2
IEp""En

UoC Physics
Vesur
Veg 0 — € s/ e ol |
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. Y W Ne -/
: A
T = De ] Tes /47
74?? [W/V,; e
L, ~ gAn* [ _Dd 71/“’/147
PR L sl

All I, Ig and 15 ~e?cB/kT
All current components I, I, lg, Iy Igy 153 <0

lg = lg;— gz > 0 since|Igs| > |Ig4|, due to the
electrons injected from Base to Collector 33



Common Base and Common Emitter connections
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Common Emitter
iC
Common Base
iE ic i P
+ —= 3 B
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- I Pag P
- G— -
+ @ L ~=) +
Input: ig, Vgg :
Output: i, Vg INpUt: T, Veg

Output: i¢, Veg

Figures from "The Bipolar Junction Transistor", G. W. Neudeck (Addison-Wesley)
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Input and Output Ideal 1-V for Common Base Uohscs

OUTPUT  I; independent of Vi for
I given Iy

4

INPUT
IE

I depends only on Vg

~kT

Ali /CB < afew %

Ves>o
Veg20 v Upe >e

Active region /

o\"‘“ Saturation
e s e
£ ¥ —= . =0
VCB = &16
¢
o ¥ esyr e D
Lee “§AY; / ZeMe WN;’(/e ” \fCutoff A —74’7; - (é,fs/‘ﬂi/ ’
; v, VEBLO 7/ e '
= QAV]‘.L_Q_Q (61 C%T "l} v - [ Pe ,_P_B.. ( gr - L
R (a) /ca<o (b)) gAY f . * i -

Figures from "The Bipolar Junction Trangistor", G. W. Neudeck (Addison-Wesley)
Opposite hole currents at the
—> Collector and I decreases
with increasing Vg 35

For the saturation region:
Vg > 0 — C-B forward biased — Injection of holes from C to B

>0 (Vg >0) —> E-B forward biased — injection of holes from E to B



Ideal BJT iIn Common Base — Parameters for active region

UoC Physics
: " .. I 7
Emitter Injection Efficiency : y=-—"— = 12‘?«3\,{-0 |
EpTlE . /——
- | P n a/”PC ,) @0 7 Wga
ptn E-B junction - ny, <<pg, = y~—- 1.0 = U is
Ic : T :
Base Transport Factor : g = I—p = 1 due to assumption of no recombination in bulk Base region
Ep

Ic
Dcalpha: ag=— = yar = Qy.=Y
Ig

a,. = I/l 1s the common base short circuit current gain in active region (Vg = 0, output’s short

circuit)

Ps /30 4 )/ 4 e

iy = e /?: " Yoo 4 Dot * M Nary e \I/t/s<h<olijlc;0bre Ne>>Ng and
W Le Debole | D,; Bl g for agc = 1

In the output I-V, Igco appears as the collector current I for emitter open circuited (I = 0)

and C-B junction reverse biased 36



Input and Output Ideal 1-V for Common Emitter

UoC Physics

£, INPUT A.;;; Saturztion

I-independent of Vi (and V=

* For V=0 Veg— Vi) for fixed Iz — fixed Vg

j=Vcp =0
. Increase of Vg —
For all V> VEB+fewH) : Ig > 0 more negative Vg
1 Active
Ve 5 A Iy =0
( ‘{VE&/KT 1) I el
VE - D g q%s o1 ) ECO
< =
@+94% [ T JC 4 Vec

Figures from "The Bipolar Junction Transistor", G. W. Neudeck (Addison-Wesley) Cutoff I, —qAn l (quEB/kT 1)

o)

(I) VEC =0=> VCB = VEB — a diode’s I-V —qAnl- DC g DB ] (quCB/kT - 1)
.- 3kT LCNC WNB
(i) Vge > Vgt - > Veg =Vegg —Vec << 0 reverse D D,
bias at C-B. The increase of |V g| does not affect the Ig = qAnl? E (quEB/kT 1)
injection of electrons from the Base to the Emitter LgNg LCNC 37




Output I-V characteristics — Common Emitter

‘ Saturation

From "The Bipolar Junction Transistor"
(Addison-Wesley)

. G. W. Neudeck

For I constant

UoC Physics

Active region:

for ptn E-B junction

Current Gain for Common-Emitter

Saturation region: Vg > 0 and Vg > 0 — forward biased
E-B and C-B junctions

In an |-V curve for constant Iz, the decrease of V. that
reduces I corresponds to an increase of V. and hole
Injection from C to B and also to a decrease of Vg and
hole injection from E to B and C, since

= gAn? [ ](quEB/kT 1) + qAn? [ ](quCB/kT 1)

Veg 4 when Vg T .



The current I, for Common Emitter

Ic = Igco
Collector
P
[(‘n I(‘p
V
BC -
I.=0 N\ —
B B - V[:(*
-
N +
o)
N <Y -, >m
NN 7 5 T
+ m
/l-n Il:p >|-U
P* 1
@)
, L]
Emitter >

From "The Bipolar Junction Transistor",
G. W. Neudeck (Addison-Wesley)

In the output I-V characteristics, Ir-o appears as the collector
current I for Base open circuited (Ip = 0). It is the minimum I, at
the boundary between Active (Ig > 0) and Cutoff regions (Iz < 0)

It is reported as l.g, In transistor data sheets, which is the actual
current direction in npn BJTs

Icco = Igco(Bgc + 1) due the BJT transistor action:

Minority electrons from C drift to B (Vg < 0) and, at the B-E
junction (Vgg > 0) they are injected into E: Ig,,=Ic,=Igco (1)

Ig, trigers a large I'g, of holes injected from E to B, due toy — 1.0.
They reach the C-B junctionand driftto C: I¢, = I, (2)

1 1
Bac = i = IZ_: — IEp = Baclen = Baclen = Baclsco (3)

Igco = Icn +Icp = Igco + Igp = Ipco(Bac + 1)

39
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About I and I and relationships for npn BJTs

s

Collector

Ic = Igcr

77
V7

N\

%

N

N

—

l

P+

o

I Emitter

From "The Bipolar Junction Transistor",
G. W. Neudeck (Addison-Wesley)

UoC Physics

Connecting a resistor R between Base and Emitter reduces I
from Igco to a smaller current I'gc-p

» Some of the electrons, entering the Base from the Collector,
flow through the resistor R and are not injected from the
Base to the Emitter

» This reduces the number of holes injected from the Emitter
to the Base and then drifted to the Collector

If R = 0 (short-circuited Base and Emitter) and therefore
VEB — O, then ICEICn=IBC0

Relationships for the currents |5 and I g, In Npn BJTs:

The relationships can be derived analogously to those for the
pnp BJT, by interchanging electrons and holes and reversing
the directions of the currents and the polarity of the voltages.
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Ebers — Moll Model NS
UoC Physics

e g : .
Ig = I - g 1p They are a simplified set of BJT
current equations by collecting terms
iInto only few constants

Ebers-Moll Equations: 7, - a. Tp - T
Tg = (1-0) I 1 (-0 ) Ig

l)Theory qV AD i | CB/ 7
e Ty qA ke, Al (i) - [0 ] (L,
9 -
v&'
o E8ky ) dz'jk - o, - -

A
We define: Te=Tgp ( 7 “?/z[ 4 )
// Dé /”Ea -DB&DJ

v

Ve ADg - G%e 7
Osg‘]e - Izo (e’( B//z{l/__ 1 ;Pso (e 3/,:7’1)

where I =

and

=57 l}E: I;:"lxg'jﬂ- L'”




Ebers-Moll equations

UoC Physics
2)The0ry "4ADg Ves), 7 B D Vo ?}_fz" ‘V"‘%r <
equatlon “Low é]( ”) qu. 0N ‘Nl (C /) Also
‘/'v‘",j . e Ty T . Ml B
We define: Z¢ = ;o( ) Te=2go (e -1 Ap-Lpo = & Lro ;
=7 [ Iq'-’-O(F:ZF -ZKJ‘CZ)
Also, since Tg=Z¢-T¢ =y |0 I, = a,: Tos =2
,Ig=(/-af)-7p+ [/-Ng)zz] (3) | B
Three parameters are sufficient for the full description
of Ebers-Moll equations :
Dl;,- J ak, IS
orthe L, B,, T,
- oAr ; c -———-LD(
where ﬁ;. * o - ﬁ; (- a, 42



Ebers-Moll equivalent circuit for pnp BJT

C i |
IE = I,_- - “R Ig T, 1__...C
I( - O\F IF £ Ig

' %
T = (K013 ¢l il *F r® Vil

UoC Physics

The Ebers-Moll equations can also be used for non-ideal BJTs, with recombination within the

Base, by modifying the I, and I, coefficients in front of the exponential terms
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