Chapter 6

ipolar Junction Transistors (BJT)
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Outline

* Bipolar Junction transistors
— Structure and modes of operation
— Current-voltage characteristics
— Biasing a BJT
— Small-signal models
— Single-stage amplifiers

* Conclusions
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BJT structure

Remember P and N semiconductors ?

 BJT is a three-port structure

* Two types: NPN or PNP transistors

SR ; e Metal
n-type ptype | n type contact
Emi Emlttcr Base Collector _ Coll
r?llzt)ter regton | region i regxon O(é‘;tor
Erpitter—base \ Collector—base
junction Base junction
EBJ 2
(EBJ) (B) (CBJ)
i [i C
* Actual on-chip implementation: ey ]

s T
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BJT operation: Active mode

EB forward biased, BC reverse biased

 EB depletion region narrows
—> Electrons are able to cross depletion region from E to B
—> Holes are able to cross depletion region from B to E

Forward-biased Reverse-biased

Injected hOl¢S (m) 7 T4 Recombined
- LC RSN ) St electrons
i (1)
- +
O ilyp © Oty 0—
i i B % i [
/ ! . Py iy
— VB E + — I/C‘B +
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BJT operation: Active mode

Electron profile in the E-B regions

* Electron concentration highest at the edge of depletion region of base
— Similar to PN junction (see chapter 2): n,,(0) = n,oeVBE/VT

— Electron concentration profile creates E-B current

Emitter EBI Base CBJ Collector E'B current:
(n) depletion (p) depletion (n) dn (.X')
g region region I _ A CID p
= n — Ag{Un
£ | o . | | dx
5 | | ectron | |
% | | concentration | | I . A D Tlp(O)
S | | n, (ideal) | | = In = AgqDn | — W
B Hole L, (0) ! I |
S concentration : : :
| I I
I I

[ —

gy i

| s ;
T P, (0) / n, (with Distance (x)
Pni recombination)
Effective base

width W

— At collector side, electrons are swept through depletion region
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BJT operation: Active mode

At the collector ...

* Diffusing electrons are swept through the depletion region
* The collector current i, = I,

* Using previous results:

i = lgeVBE/VT

with IS = AEQDnnpo/W

Forward-biased Reverse-biased
n p / n
E [ @
-~ -
J: Injected holes (7z)) B i [ Bacombined I
- electrons
s (ig)
= 5 ¢ "I.‘ - +
o] hHE (o2 0 i Oo—
i i B % i i
=— al ——— & —r 1 |l —
1 I L} F
— Ve + - Vep +
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BJT operation: Active mode

The base current

Forward-biased Reverse-biased
[ @
Ig i s
Injected holes (ig)) R 1L B ecombined I
RSN e S electrons
(ig2)
- . i
I i B% I I
S == — — I |II e
— Ve + — Vep +

 Composed of holes injected from base to emitter
. . ApqDyn?
— Proportional to eVBE/VT ; jp, = 2P L
NpLy
* Also composed of electrons that recombine with holes in P-region
— Holes are resuplied by external circuit, also Proportional to eVBE/VT

eVBE/VT

eVBE/VT
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BJT: Active mode

Summary of all currents

° iC — ISevBE/VT
2 2 .
¢« i, = M+lm eVBE/VT = '€
B NpLy 2 Tgngy B
. . . B+1 . 1,
* Ilp=lgctilg=—71 =—1
E C B B C arp C .
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E £ ip
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BJT: saturation mode

If vcp is low, no current i,

* Active mode if BC junction is reverse biased
* To have a BCjunction forward biased, negative vy is required

ic A

Saturation —>=< Active mode
mode

|
|
|

-04V 0

SY

Expanded <—
scale
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BJT: current-voltage characteristics

... for npn transistor

ic A
i = ISeVBE/VT
lc = Aplg
(( | | . VBE ¥ 0.7V
0 )y 0.5 0.7 ugg (V)
ic A
|
Saturation —><€———

Active region )
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BJT: current-voltage characteristics

Early effect

* For agiven vgg, increasing v increases the reverse-bias
voltage on collector-base junction
—> increases width of depletion region
—> Decreases the effective base width
= Increases Is = Ag qDpynyo /W

—increases i Saturation

/ region
[

Active
region ~

I'BE:'IQ

:-z—
|
|
|
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BJT: current-voltage characteristic

Large-signal equivalent circuit

B =0 ¢ — J.eVBE/VT
+ lc = g€
l
D C
vlify (]:/B) <¢ Ig() /) 4 lB - E
= lEzlc‘l‘lB:(ﬁ‘l‘l)lB
l¢i * Vpg = 0.7V
I
E
Va
1o I—,
C
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Biasing BJTs
Why biasing?

* Fix /g so that small variations of v, result in linear change

in i,
* Alsooktofix I orIg
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Biasing BJTs

with discrete-circuit bias arrangement

* Single power supply
* Poor performances against BJT dispersion

Vec Vop = — 2V,
cc BB = R, + R, cC
R. Rp = R{]|R;
R C
| VBB — RBIB + VBE + REIE
I
IB == £
Rag g +1
- Re VBE ~ 0.7V
= - _ Vgp —Vpg
= I = R,
Ret B+l

Try to make robust against transistor

dispersion with Vgg > Vgg and Rg > %
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Biasing BJTs

with two-power supply arrangement

Also poor performances against BJT dispersion

RBIB + VBE + REIE - VEE

VEE — VBE
:>IE= RB
S

Try to make robust against transistor dispersion

. R
with VEE > VBE and RE P ﬂ_-fl

If base connected to ground, biasing almost
totally independent from
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Biasing BJTs

with collector-to-base feedback resistor

Resistor R provides negative feedback, which helps stabilizing bias point

Vee

VCC — R(:IC + RBIB + VBE

Ig
VCC :RCIC+RBﬁ+1+VBE
Vee =V
N IE: cc RBE
Retpet

Try to make robust against transistor

dispersion with Ve > Vg and Re > %
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Biasing BJTs

with a constant-current source

* Emitter current independent of transistor parameters = Iy= 1
e Source current implemented with BJT current mirror

Vee Vee

Vee — Ve + Vig

|
|¢’
I —
I/r_o : REF R
HQi I = Iggp

R s VS R
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BJT small signal model
Small-signal operation: collector current

= (= GmVpe With| gm = I¢/Vr

WV . O . R GO I
_1_\7»/_
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BJT small signal model

base current and input resistance

. iC IC+1IC
lp = = —FT55VUp
PTB B BV °
iB:IB+ib

.11
zlb:EV_Tvbe

. 1
ﬁlb=r_vbe

T
withrn=ﬁl—?=£=‘ll—;
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BJT small signal model
Hybrid t-model

Voltage-controlled current source
current-controlled current source

i, I
- =

B ¢
+
Upe € I'y
b EmUpe
o /(‘/\l
\# ,4 ,-v Ij/:l\'u;
E
(a) (b)
. Upe Upe . Upe .
le = T ImVpe = + gm(rnlb) = + Blb
T Tt T
vV
gm =Ic/Vy and 1, = b _r
dm Ip
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BJT small signal model

... With output resistance r,

ly

B oC B =2 oC
1k
Uy T Q> ¥ P <*> Ty
Emls B 1 b
l ®

E E
Ic
Im = V_T
Vr Vr
=1 =0(1)
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o = IC
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BJT small signal model

T-model also exists

C

T

> >
g, ,
E
Im =y T T \I ° T I,
a
a:L B:
p+1 11—«
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Common-emitter amplifier
Polarized with current source

BJT with
parameters (3,
Vrand Vy
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Common-emitter amplifier

Small-signal equivalent

Rsig

-,»\L<>¢-\
Yom

m
4
-

) Re R,
EmUs

Gain, input resistance, output resistance ?
Vg = Vi

Vo = _gmvn(ro“RcllRL) = _gmvi(ro“RC”RL)
vO
> A, =—=—gn

V; (rollRC”RL) Rin = Rpl||r:

Rout = Rellro
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CB and CC amplifier
Find A, R;,, and R,,,; as exercice

Same gain as CE, but
non-inverting

~Vee

Gain close to 1 => buffering stage
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BJT vs MOSFET

e Small input capacitance => very high speed (good for RF !)
* Higher transconductance => higher gain
* BJT amplifiers more linear than MOSFET amplifier stages

* BJT have lower output impedances and can handle higher
output currents

* More choices for discrete components
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BJT vs MOSFET

BJT drawbacks

* BJT are current-operated (rather than voltage operated)

—>Higher consumption
* Lower input resistance than MOSFET
* BJTs are harder to scale to large quantities
* BJTs have more fabrication dispersion

= More difficult to make good mirror currents, differential
pairs, etc.
* Physical size about 10x as large as MOSFET
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BJT vs MOSFET

MOSFET advantages

 MOSFET are easy to scale
— Double the current? Double the width!

* High input impedance (almost infinite at low frequencies)
e Qutput are controlled by input voltage (not current)
—>Much lower power consumption
—>Main advantage MOSFET won for chip manufacturing

* Easy to make indentical MOSFETSs
— Good for CMOS transistors, mirror currents, differential pairs, etc.

* Mostly for integrated circuits, not discrete circuits
e Size about 10x smaller than BJT
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BJT vs MOSFET

MOSFET drawbacks

* Input capacitance
—>Not good for high frequencies
* Higher output resistance than BJT
—>Not suited to drive low-impedance load
* Lower gain per stage
=Amplifier stages need to be cascaded
—>Each stage adds noise
—>SNR degrades
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