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How was it with a diode ......?: I Io

n P
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O Other ways of increasing the
u current ......2?7?
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Il BIPOLAR JUNCTION TRANSISTOR
INTRODUCTION
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]
injection drift
p+ of holes n of holes p
EMITTER BASE LLECTOR
2 [] s Conzcro []RC
|15

oo+
Ec

g In a good pnp transistor almost all the holes
injected from the emitter to the base are
,collected” in the collector. This assumption is
fulfilled in case of the narrow base (Wb<<Lp) and
the long lifetime of holes tp.
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Il BIPOLAR JUNCTION TRANSISTOR
INTRODUCTION
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injection drift

p+ of holes n of holes p

Re [] EMITTER BASE COLLECTOR [] Rc
[1s
le Ic
e e X IO

Ee Ec

The base current flow consist of:
1. Current of electrons recombining with holes in the base.
2. Current of electrons injected into the emitter despite the emitter is

heavily doped than the base.
3. A small current of electrons (resulting from thermal generation) flowing into the base

from the reverse polarized collector junction.
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Il BIPOLAR JUNCTION TRANSISTOR
BALANCE OF ELECTRONS AND HOLES FLOW

flow of electrons

—_—
IEp
_.>
len

@ injected holes that are lost during recombination in the base

@ holes reaching the reverse biased collector junction

@ thermal generation of electrons and holes forming the saturation current of the reverse biased collector
@ electrons supplied by the base contact and recombining with holes

@ electrons injected into the emitter through the junction

from: ,Przyrzqdy po i ', Ben G.
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Wl BIPOLAR JUNCTION TRANSISTOR
CURRENT GAIN

flow of electrons

—p
lep ic Bi Ep Current gain
. £ > = =——"—=By=a <— petween collector
Ic = Bi [ ‘e Ten*+lep and emitter
Ep len
T ; i =ig, +(1—B)ig,
Ep
Base transport factor (what e . - - < 4
part of the injected holes 7 iEn o iEp IL — BIED g Bl.'EP /(I En T IEP )J
reached the collector via i i gt H e H H A
the base) Iy Ie, +(1 B)lEp 1 B('Ep /(IEn +|Ep»
The emitter injection iL 8’ B}’ 0 o ﬂ A fp
efficiency iB 1_ B}/ 1_ > Tt
from: ,Przyrzqdy p6 i ", Ben G.
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COMMON EMITTER AMPLIFIER - QUALITATIVE DESCRIPTION

Example:

Ic !ﬁ:ﬂ:ﬁﬂoo

Ig 7
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il BIPOLAR TRANSISTOR
STRUCTURES

E c E &
P — o+ P —
B

Egc
prp 1o

E- emitter B — base C - collector
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ENERGY BAND MODEL
B E
quest ______ =
polarized 7
C 7

without polarization
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OPERATION CONFIGURATIONS OF THE BIPOLAR TRANSISTOR

[ 4 9
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OPERATION STATES OF THE BIPOLAR TRANSISTOR
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' BIPOLAR JUNCTION TRANSISTOR
EBERS-MOLL MODEL

OCFiF

_Use _EiBc \
T ngU ncyU
ic =l | e™ ™ —1|—Ile™ ™ —1
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Il BIPOLAR JUNCTION TRANSISTOR
EBERS-MOLL MODEL

|ES — reverse saturation emitter current at shorted collector junction

L leo
1-aroy

les

Ics — reverse saturation collector current at shorted emitter junction

£ ICO

ICS _1
-0

NEe, Nc— non-ideality factors of emitter and collector junctions

OLF — DC current gain of the transistor working in active normal configuration in OB mode

I.—1
. 2l o)
lc =—aelc+1g (O ——

le

OlR - DC current gain of the transistor working in active reverse configuration in OB mode
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EBERS-MOLL MODEL

el =gl =g Onsager’s identity

Is- transport saturation current
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Il BIPOLAR JUNCTION TRANSISTOR
EBERS-MOLL MODEL

If we define as |- the forward current of a emitter diode in active normal mode and the

I; as collector diode current in active inverse mode, then:

Uge Use
ir =128 e™ —1[=1I_[e"
Upc
ip =] €™ —1

we get the E-M equations in the form of:

Ip =—i + gl
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Il BIPOLAR JUNCTION TRANSISTOR
EBERS-MOLL MODELV

L
Cdbe Cdbc
@ @ . J
Cjbe Cjbc
E e ; ORrlr Ic
- S P R
E C Use Usc
( g ) OB
non B
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I BIPOLAR JUNCTION TRANSISTOR
OE MODE - CHARACTERISTICS

Input characteristics

Iy = f(UBEjuqfoonst
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I BIPOLAR JUNCTION TRANSISTOR
OE MODE - CHARACTERISTICS

Transitional characteristics

lc = f(|31u$=mnst
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Il BIPOLAR JUNCTION TRANSISTOR
OE MODE - CHARACTEI_QE[STICS

Output characteristics

IC 3 f(UCEX I g =const

—o— (o
A /
A ¢ lpi<lsz ...
. Is Ipa
Uce s
U /52
BE
]I Ip1
s
EO o OE ' Uee
EiT PD Electronic devices — Bipolar Junction Transistor 21

-

I BIPOLAR JUNCTION TRANSISTOR
OE MODE - ANALYSIS

Determination of operation point Q

o)
l/c +Ucc U =15-Ry +Ug

_Ycc—Uge

|
B R,

Ucc = Ic Rc +UCE

‘UCE =Ucc_|c'Rc‘
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Il BIPOLAR JUNCTION TRANSISTOR
OE MODE - ANALYSIS

The impact of the choice of operation point on the amplifying properties
of the transistor
N

Q(Is, UBE)

UBE
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I BIPOLAR JUNCTION TRANSISTOR

OE MODE - ANALYSIS

The operating point for maximum dynamics of the output voltage

Q(ls, Usk)

UBE
N

y
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OE MODE_ - ANALYSIS

Output distortions due to too high input amplitude

1

. 1
I - =
1 1
1 1

Uout 1 3 |

Ry, N BN Q(Ucg, Ic)
1
1

Q(Is, UBg) | T

Us: :;
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I BIPOLAR JUNCTION TRANSISTOR
OE MODg - ANAL‘/S}:S

Operation point too close to the ,saturation” area

Q(Ucg, Ic)

_______ -1/Rc
o S
Uc
) 1\ \ennintintetete b
S Q(ls, Usk)
Us:
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I BIPOLAR JUNCTION TRANSISTOR
OE MODE - ANALYSIS

Operation point too close to the ,cut-off” area

Q(Is, UBE)

UBE
N
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I BIPOLAR JUNCTION TRANSISTOR
OE MODE - ANALYSIS

Operation area of the transistor at the output characteristics

I  saturation area

-

cut-off area

] active area
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SWITCHING
BIPOLAR JUNCTION
TRANSISTOR
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il SWITCHING BIPOLAR JUNCTION
TRANSISTOR

+Ucc A
Ic
Ucc/Re
i
1
1|
-1/Rc
Ucesat Ucc U;E
1. L Er —Uge
BF —
Rb
I _Ucc _UCEsat NUCC
cM — ind
RC RC

31
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TRANSISTOR

1+Ic(1—aR =2
T,
a g\ ag 1 t
UCEsatzUT In f =UT In a_
1_C( _aFj R Qs =7eelp
I\ o
— (75 Ic =
A T g
ng(X)
control equation of base
nB(O) iB (t) = & ar d& charge in active normal
Tpr dt mode

dQB dQS control fequatmn gfbase
charge in saturation mode

Ng(X
8(Xa) iB(t)=$+%+

QB Qs
Ty oy i dt
~
L
0 XB
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from: , Uktady iczne cz. Il Uktady ielinic iimp ook
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iy SWITCHING BIPOLAR JUNCTION o

TRANSISTOR

delay time
E-+E
= F R
t,=RC,In—— "~
F =~ Y BEP
rising time
U = RC.I Ke
Eat t> tr _ﬂtt + T gic n
£ —
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iy SWITCHING BIPOLAR JUNCTION
TRANSISTOR

,,,,,,,,,,,,,,,,,,,,,,,

g — 1
LS BE BR
t, = zgln ———2-
oM

_IBR
B

storage time

UCEsat
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iy SWITCHING BIPOLAR JUNCTION o
TRANSISTOR

E
E.N E
ts
-Eg
,,,,,,J_,,_____,__E,E,,,
Ub RoCo-" Ugep

o Ll
i BR BG
t, = Bt +R.C,.)In 5 =
BR
falling time
Ucesat t, — transfer time
(through the base)
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SWITCHING BIPOLAR JUNCTION
TRANSISTOR

ton =t 1L,
turn-on time

torr =t +1;
turn-off time

EiT PD

BIPOLAR JUNCTION
TRANSISTOR

SMALL-SIGNAL MODELS
AND PARAMETERS

EIT PD
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i SMALL-SIGNAL MODEL - hE

- OBJECTIVES

Transistor —a non linear device

AGH

Non linear characteristics [T Non linear model

Ebers-Moll Model
of a bipolar npn transistor

Upe Usc
ig =—lgs (" —D+alcs (™ —1)

The characteristics of a bipolar transistor
working in the common emitter configuration

Uge Ugc
ic =anles (@™ —D—lcs(e™ —1)

Picture from: W. Marciniak , Przyrzady pétprzewodnikowe i uktady scalone”, WNT 1979
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| SMALL-SIGNAL MODEL - OBJECTIVES™®
transistor in a circuit

lc(t) =7
Rc
C
R ,[Uz =
=)
Uin(t)= AweSin(wt) T
E

Non linear Model (eg.: Ebers-Moll) is inconvenient for the
analysis of the transistor in larger electronic circuits
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Il SMALL-SIGNAL MODEL - OBJECTIVES'®
transistor in a circuit

lo(t) =2

<&
<

Uin(D= Auesin(ot) T

Non linear Model (eg.: Ebers-Moll) is inconvenient for the
analysis of the transistor in larger electronic circuits
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o SMALL-SIGNAL MODEL - how to ..?

Transistor —a non linear device sy  Linear model
How to do it ?

Ja=30uA Around operation point PP
PP_,.. O
L Linearization
= of characteristics

=1 uA @
Model built of

linear elements
w T4 (with some minor limitations)

Ugg

5 uA

Characteristics of a bipolar transistor working in a the common emitter mode

Picture from: W. Marciniak , Przyrzady pétprzewodnikowe i ukfady scalone”, WNT 1979
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SMALL-SIGNAL MODEL hE

transistor as an active four-terminal unit

Small-signal component

DC component—\
Ic i IC + 1

<

Operation
point in the Re
active area

; linearization
1 <—Of characteristic

Uge

UBE\ Uge + Upe

For small alternating signals (low amplitude).
transistor can be replaced
by a four-terminal linear circu_it

i, Ie

EiT PD

il
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I | INEAR FOUR-TERMINAL MODELs "€

(repetition - circuit theory)

In a general case:

Linear

four-terminal
circuit

Impedance equations:
Up=Zyly+ 2,1
Uy =2yl + 21
Admittance equations:
L=YUp + YU,
;=Y U + YU,

Mixed equations (hybrid):
U =Hyul +H, U,
l,=Hy Il + HypU,

EiT PD

Electronic devices — Bipolar Junction Transistor
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i FOUR-TERMINAL MODELS
__(small-signal models)

kC”

Small signals - we denote as: small letters small indexes

Impedance equations: i 2 PR
Uy = Zgq iy + 2,
R R 4 A - Tuz
Up =2y 1y T 215
o) 0
Admittance equations: :
I I
-1 (o2
I =Yl +YypU, e »
12 2141
1= u| y: Y
I, = Yo Uy YUy AR © @ [
(o2 0
Hybrid equations: 2
» i i
u; =hy iy +hpu,
i =hy iy +hyu, # s §5hnil Pz o
(o) 0
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i HYBRID MODEL
parameters for OE

kG

¢ Input impedance
at shorted output (for small-signal voltage component at the output)

hy i, C
ia i
: o= Al el _py
. Ai i v
u; hiz i () haris | 1Ry |us 1 lu,=0 B luge =const b fu,=0
a b * Reverse voltage transfer function
E E at open input (open small-signal current source at input)
hlz S N - Alge i She o hlZ
e
u; i,=0 AUCE Ig=const Uee iy=0
¢ Current transmittance - current gain
at shorted output (for small-signal voltage component at the output)
hy iz > R =h
275 A i 21e
1lu,=0 B U =const by, =0
¢ Output admittance
at open input (open small-signal current source at input)
- L[ Al A -
2= E AU 0 = Thze
2li=0 CE |15 =const ce li,=0
EiT PD Electronic devices — Bipolar Junction Transistor 46
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i HYBRID MODEL hE

AGH

_parameters for different configurations

OE oB ocC

his Mite hip = W Ri1e = M1e
21e

P Rize Riop =577 = Pize hige =1 —hyy,

hay
haq hate ho1p = 11 o he hare =1+hy,
21e

hyy Ryze hozp = m hoze = Naae
e
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™ SMALL-SIGNAL MODEL of BT

Representation of physical phenomena
occurring in the transistor - equivalent circuit

_unusual” transitional * Transconductance —the impact of input to output

. Characteristic ic = f(Ugg) i
g, =

L ouss

transitional characteristic

U ge U e =const

* Feedback transconductance — the impact of the output voltage to the input
_ Ol
OUce

9r feedback characteristic

U ge U e =const

 Input conductance — input characteristic (transistor seen ,at the input side”)

oi
9, = auB input characteristic
BE U Uce =const

« Output conductance — output characteristic (transistor seen ,at the output side”)

_ Oig L.
9, | output characteristic
Uce Uge U e =const
EiT PD Electronic devices — Bipolar Junction Transistor 48
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HYBRID-n MODEL for OE MODE

I . simplified
| " B ib ic C
<+—O
> 9= Ope
1 R o UHE @ Gin Ue Go=0ce |[Uce
Characteristics of bipolar transistor in the OE mode (0} o— 8 _ O
E E
* at the output side: current source controlled from the input: g, U
* at the input side: input conductance: g .= gy,
* at the output side : output conductance: g, = Je
EiT PD Electronic devices — Bipolar Junction Transistor 49

I kG
1 HYBRID-n MODEL for OE MODE

i C =C,.
o T full

B i, Mo g Mye

Ie

/ g.=

| ube| Upre Ope = Cp. @ Om Upe 90=0ece
| =304 ‘

a8} \

v“"

Characteristics of bipolar transistor in the OE mode

UCE

O— 500

o

Mo

* at the output side: current source controlled from the input: g, Uy,
* at the input side: input conductance: g,= gy,

* at the output side : output conductance: g, = Jge
* at the input side : base resistance: Iy,

* from the input to the output a direct: resistive feedback base-collector: r,
* capacitance of emitter junction C,., and capacitance of collector junction C,
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I HYBRID-m MODEL for OF MODE "C

estimation of parameters o)

Transconductance g,

o ol
* From a definition: 9n :aU*C_ the slope of ,,unusual” transitional characteristic | = f(Ugg)
BE

* From a operation point:
differentiating emitter diode current from Ebers-Moll model:

_Oale) _ e
m oU BE nEUT simplified relationship
UBE
. . - - ngU
and taking into account collector current (1o = alg): le =lgs (€™ -1
I a - coefficient of current gain for OB mode
g r G R R S ng — coefficient of non ideality of emitter junction
m = n-U R E U; — electrothermal potential
EXT lc = constant collector current
|
 ©
On =
Us
EiT PD Electronic devices — Bipolar Junction Transistor 2t

I HYBRID-m MODEL for OE MODE "<

estimation of parameters (2

Input conductance g,

alg

* From a definition: e = slope of the input characteristic Iz = f(U
aU B BE.
BE
* From the operation point: for OF mode, it is: le=lc+lg
lg=lg—lc, Ic=alg
lg=l:(1-a)
> U
therefore from Ebers-Moll model, base current for OE is: Iz = (1-a)lgs exp[n lBJE J
ES=T
Taking into account the definition: g, - — (1— )1 exp| 2
ngUs ngUs
|
Jpe = &
ngUr Ay '
a - coefficient of current gain for OB
| By - coefficient of current gain for OE
and: | = Ic we have: Ope = _SC".N =g_m ng - coefficient of non ideality of emitter junction
g Bo ﬂOnEUT ﬁo U; — electrothermal potential
lc - constant collector current
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Il HYBRID-r MODEL for OE MODE "C
estimation of parameters ()

Distributed resistance of the base Iy

* From the comparison of hybrid-w and hybrid models :

loty = Mhze —Tye

Output conductance Oee

__dlc h
* From a definition: Yee = U g Oee =Ny

U, —Early voltage
le = Bolp| 1+ DCE
+ Taking into account Early effect: c =PBols| 1+ U
A

0o = ol e =
* And after differentiation: ce — /0B Uy Up+Uce

Resistive feedback My

ou
* From a definition:  fye = ——2
alg
* but Ugg >> Ugg, then: pox Ve _ B _ 5 UatUce but if: U ,>>Ugg, then: Ul
. TR he = By ¥
P 9nYr

EiT PD Electronic devices — Bipolar Junction Transistor 53

I HYBRID-r MODEL for OE MODE "¢
estimation of parameters @

Input capacitance C_— emitter junction Cy,

=G {Cu) G

junction capacitance
l diffusion capacitance
I

Coupled capacitance C, — collector junction C,

Junction capacitance of reverse biased base-collector junction

EiT PD Electronic devices — Bipolar Junction Transistor 54
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! HYBRID- MODEL for OB MODE

5

Gepr

ub'e
B
- g, = e I et
= w = ~ (& 5
aIE U g =const 6UBE U ge Upgc =const UT 'S ﬁo +1 e ~ O
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FREQUENCY LIMITS

When, for which frequency does transistor stop to fulfil
its basic function, that is amplification of signals?

applicability : 7 <<T

Che
B i, ' B She i c small-signal current gain £ for
o— 1} 1 e shorted output:
Hm»] 8be ¢ C h'.:r @)gm Upe [:]gw l‘ Uee
: i,
o l Bljo =Eu s
e = (o)
o InUpe (JO
Bliw) ===t
iy (Jo)
O
1 gb‘e
Blio)=——F""—=
1+ jn{cb'e +Cb‘c)
be
EiT PD Electronic devices — Bipolar Junction Transistor 56
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FREQUENCY LIMITS

* Cut-off frequency f,

— when f(f) is reduced by 3dB: ‘ﬁ(fﬁ)‘z%
O
) Oy Denoting: G=9n, x=CoetCu
Blio)s—F2 9o o
1+J'n{@] 2 G G . @GX
Yo Blio)=

= +
1+ joX 1+0°X? J1+a)2X2
((\%

‘ﬂ(jw)‘=\/[1+;xzjz+(1f§2)§<2)z ‘ﬂ(fﬂ)‘f%

I
Gpe =
= 3 Bo
G % @,GX b
L+apX? ) \l+apX? ) V2
G2+ce)/Z,XZG2 s
1+alX? | V2
Q2 e . = Joe £y Ope
1+ @i X? -2 D i Zachey # " 272(Cyy +Cye)
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Il ke
FREQUENCY LIMITS

* Cut-off frequency f,

. Q
— when off) is reduced by 3dB: \a(f,z)\ET;
Following the analogous procedure as for fg:
f - geb‘
o
27C
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FREQUENCY LIMITS

* Threshold frequency f;
— when magnitude of S(f) =1

In
H - gb'e
ﬁ(]m)—l+jﬂ)(cb.e+0b‘cj A(F) 1 f
9, piiy=—Lor B Lo —— sl when:f> 1,
0, L2 0 1+ j—
S S B A fs f
" 27(Cye +Cye) A

for: f=" itis: |B(f)=1

fT =:Bo fﬂ

EiT PD Electronic devices — Bipolar Junction Transistor 59

i kG
FREQUENCY LIMITS

B lod

f [kHz]

Bipolar transistor operating in a common base mode
has f-times higher cut-off frequency

f,=p fﬁ
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M ke

Ic
oc¢C |
A ¢ I1<lpz ...
Is lpa
—
8 > Uce o3
Ip2
UBE I
B1
le
EO . OF ! Uk
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CURRENT SOURCES

RE 4= The
R, =Rgllir,,+Rg)+r, (1+ —)
W E (bs B} cE ngE+Tb9+RB
Rg=R,IIR,
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CURRENT SOURCES
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Current mirrors

EiT PD Electronic devices — Bipolar Junction Transistor

CURRENT SOURCES

63

kG

Wilson'’s current mirror

; I,
REF P B
T3
UH.’.T
1 T T,
UH.’.
U
lo=Poy
o
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