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Bipolar Junction Transistors

» Bipolar
— Device operation depends on the injection and
collection of minority carriers.
« c¢lectrons and holes
* Invented in 1948 by Bardeen, Bratain, and
Shockley at Bell Telephone Labs (Lucent)

* Small and one can integrate transistors with C, R,
and L elements on a chip.

e Note: Tubes still good for sustained high power operation.



Bipolar Junction Transistors

 Based on:

— one forward biased p*"/n" junction and one
reversed biased n*/p junction or

— one forward biased n™"/p™ junction and one
reversed biased p*/n junction

e Three terminal device

— small changes 1n a control current cause large
changes 1n the controlled current (gain)

— Can be switched from on to off and back.



[L.oad line

* Helps us pick a Q point with a non-linear
device (diodes, BJTS, MOSFETS) and a
linear device (resistor).
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Switching
What 1s 1, vy 1n the off state (1,=0mA)?

What 1s 1, v 1n the on state (1,=2mA)?
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Hole 1njector
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Hole 1njector and collector




Hole and electron current

©Tllse

ic—> Hole Flow >@

1) injected holes lost to recombination

2) holes reaching the reversed biased CB junction

3) thermally generated EHP

4) electrons supplied the base contact (recombines with holes)
5) electrons injected across the forward biased EB junction




Base Current

* Three components:

— Recombination of injected holes with electrons
in the base

— Some electrons will be 1njected into the emitter

— Some are swept 1into the reversed biased base
collector junction (created by thermal
generation)
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Base Current

* We would like our base current (control

current) to be smaller than our controled
current (I-).

* W,<<L, (by design)
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Amplification
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Terminal Currents, I, I; and I

* Assumptions: (pnp BJT)
— Holes diffuse from emitter to collector; drift 1s
negligible.
— The emitter current 1s made up entirely of holes
(r=1).
— The collector saturation current 1s very small.

— The active areas, have the same areas

— All currents and voltages are 1n the steady state.
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Minority carrier distributions
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Minority carrier distributions

Ap, =p, (€= —1) (1)

Ape =p, € ~1) 2)
Assume :

1)V, >>kT/q

2)Vs <<0
1 and 2 reduce to
Apg =p,e”™  (3)
Ap. =-p, (4)
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Minority carrier distributions

d*op(X,) _ P(X,)
dx? L

p

5)

The general solution 1is

p(x,)=Ce™" +Ce ™™ (6)

We need to use boundary conditions to
solve for C, and C, :

B.C.1

(X, =0)=C, +C, = Ap,

B.C.2

p(x, =W,) = C1eWb/Lp T Cze_Wb/Lp = AP,
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Minority carrier distributions

Solving for C, and C, :

AP —Apge "'
C, = Vf/:b/Lp E—Wb/Lp (7)
€ —€
Ap.e™'% — Ap
C, = WE/Lp ~ —Wb/LpC (8)

€ €
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Minority carrier distributions

Wo/Lp =X /Lp _ o~ Wo/Lp 3Xn Ly

(%) = APe ~——— it 9)
e p_e p

for Ap. =0
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Terminal currents

Now we know the minority carrier distrabution in the base
we can calulate emitter and collector currents at each depletion edge.

From chapter 4 :
dop(X,)

[, =—QAD, (10)

n

Evaluated at x _ = 0 give the hole componant of the emitter current.

D
IEpZIp(XnZO):qAL_p(CI_C2) (11)

p
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Terminal currents

I at x, = W, 1s made up of entirely holes.

D ]
I.=1(x,=W,) :qAL—p(Cze it _ce™) (12)

p
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Terminal currents

I at x_, = W, 1s made up of entirely holes.

L

p p

D,
Ig, qAL (ApEctnhE—ApccschE] (13)
p
D W. W,
I.=qA Ap.csch—2—Ap.ctnh—2 14
qu(pE T Pc L}()

p p
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Terminal currents

I, can be found by summing the currents at the node.

(Remeber we assumed y =1.)

D W
[.=1.-1.=qA—| (Ap. +Ap,. tanh —2 15
B —1g —1c=( [ (( Pe pc) oL } (15)

p p
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Approximations of the terminal

currents
IfAp. =-p, and-p_ 1ssmallthel,I;,and .

equation can be reduced to :

L L L /L 3

p p p p

D D W, /L
I, ;qA—pApEctnhE;qA—pApE(Wl +— pj (16)
b

L L L W,/L, 6

p p p
D W, D W, gAW, Ap
[, ~gqA—2Ap.tanh—2 = gA —L2A b _ b APE
o =A% AP =A% T APy 27

p p p p P

D D 1 W, /L
I. ;qA—pApEcsch%;qA—pApE( ° p] (17)

(18)
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Approximations of the terminal
currents

[, can be found by charge analysis
If the hole distrabution in the base 1s linear then the charge due to

holes in the area under the triangle.

1
Q, =-qAAp: W,  (19)

If the stored charge must be replaced everyt |

Qp _ qJAWAD,

T, 27:p

Iy = (20)
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Current Transfter

v, for an applied forward voltage on the CE junction how much

current is due to holes, divided by the total current?

,Y — 1+ ann““i
Lip,u,
L nFpFp |
'Y — 1+ Wbppu;
| Lonug |

- -1

-1

(21a)(note : pnp)

(21b)(note : npn)

B, what is the ratio of injected electrons that make it to the collector?

2
B=I—C=sech%=1— sz
IEp Lp 2Lp
2
B:I—C:sechﬂzl- sz
IEn Ln 2Ln
o = By (23)
o
B=— (24)
I-a

(22a)(note : pnp)

(22a)(note : npn)
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Example of B, v, a,, and [3

An abrupt Si BJT has the following properties at 300K:

Emitter Base Collector
Na=108cm™ Nd=101cm-3 Na=10%*cm3
1, =1x10°s rp=.1X10'68 1, =1x10°s
A=10"“*cm? A=10"“*cm? A=10"“*cm?

L.=10x10%cm L =10x10%cm L. =300x10"“*cm

Calculate B, y, a, and 3 for the forward and reverse active mode
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Generalized biasing

» The equations we developed last time were
for DC and forward active, (normal active).

* We assumed normal active biasing and
equal areas of the EB junction and BC
junction.
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Generalized biasing

* What would occur if we reversed biased the
EB junction and forward biased the CB
junction?

* What would occur if the areas of the two
junctions were not the same?
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Generalized biasing

* Two equations, Two unknowns

. . qQVeg / KT qQVeg /KT

B B Ve /KT Vg /KT
o = oy + 1 = oy s (€ KT —1)— I g (€76 ¥ —1)
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Generalized biasing

* Two equations, Two unknowns
e =, le +(1—aya,)l s (6= T ~1) (CSE.)
e =ay | —(1—aya,) e (67T —1)(CSE.)

- qVeg /KT
e =l + 1o €K —1)

B B Veg /KT )
e =ay e — I le I
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Switching

e We would like two states

— that can be switched from one to the other and
back 1n as little time as possible time.

— that can be controlled with as little energy
transfer as possible.

— that does not use energy when not switching.
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Switching

 In the BJT these two states are:
— Cutoff (small 15, small 1., large -V )

— Saturation (large 15, large 1., small -V )

§5kg
8MAmMps

=40V
. N




Switching

» Cutoff

— The emitter base junction 1s not forward biased,
therefor 1t 1s not injecting holes

— The collector base junction 1s reversed biased
therefor only L, flows (supplied by the base
current). Note it [, 1s flowing we are using a
small amount of power 1n this state.
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Switching

e Saturation

— 15 18 large so many holes are being injected into
the base, so many holes 1n fact that the base
starts to become p-type and the collector base
junction stops being reversed biased.

— Note 1~ and 15 are large 1n this on state thus
dissipated a lot of power even when not
switching. This limits the amount of BJTs
that can be integrated on a die .
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Switching

e Turn on Transient

QM) d,®

|
" T, dt

For a step response :

s~ Q) o (6)

S Ty

Q) =1z, (1-e")

1
-1/ A,

t,(when Q,(t)/t, = l.) =7, h{ j (CSE.)
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Switching

e Turn off Transient

ly =7, ln(%j (CSE.)

C

» Note: oversaturation decreases t, and
increases tgy

* One can drive the device into cutoff by

applying a negative current which forces the
stored charge out, rather than letting decay.



Switching

t,— Delay time while junction capacitance Is charging

t — Rise time from 0.1-0.91
t — Fall time from 0.1-0.9

IC
0.9l —

0.1l

t 37



Quiz #6
* Which point 1s 1n cutoff?
* Which point 1s 1n saturation?

* Where 1s 3 not equal I /1,7

N\,

'VCE 40V
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BJT: Second order effects

Drift in the base region

Base narrowing

Avalanche breakdown
Injection level: Thermal effects

Base Resistance and emitter crowding
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Drift 1in the base region

* In a double diffused BJT, there exists a
region of changing doping concentration

— This causes an electric field which speeds up
the holes across the base.

— This caused the base transit time to be halved
for the case of a exponential doping profile.

2
B=1- W, — (Uniform doping in base)
oL,
W 2
B =1——"-(Non - Uniform doping in base)
40
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Doping Concentration

Drift 1in the base region

n* P
L
() 7
S
8 ) / X
o) i P Na
= | (background)
p++ n* D
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Base width narrowing (Early Effect)

Xn
" p | Vg =0 c
o Io =Pl ,
KT
. Vg <<——
P q Tl
< | > B
< L, » %
Va 0 Vee
W, =L, —|

4
IO[\/ ;BC



Avalanche breakdown

» The collector base junction 1s under reverse
bias. At extreme reverse bias this junction
can breakdown due to avalanche. In CE
biasing this 1njects more electrons into the
base which causes more holes to be injected
to the emitter. If too much power 1s being
dissipated by the CB junction it will burn
out.
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Avalanche breakdown

e

CE

BV

CEO
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Injection level: Thermal effects

Minority carrier lifetime increases directly with
temperature.

Mobility decreases with temperature (T-32)

This results in the diffusion length increasing and
thus the gain increasing

This can cause more current to flow which
increases the temperature which increases the
lifetime, which increases the gain etc...

This 1s called thermal runaway. You lose control

of the collector current and the device burns out.
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Base Resistance and emitter
crowding

* There 1s an incremental voltage drop along the
emitter base junction.

— This causes the emitter base junction to be unevenly
biased

— The outside edges of the junction are more forward
biased than the center of the junction

— This causes most of the carriers to be injected at the
edges

— Thus you want a long perimeter to area ratio or many
stripes for high frequency operation because this extra
resistance slows down the charging time of the EB and

CB junctions Ny



Base Resistance and emitter
crowding
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Frequency limit of transistors

» Capacitance and charging times
* Transit time effects

* High frequency transistors
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Capacitance and charging times

Iy CJ.C I,
<« B

B'0— MW ] 'V;A. 0 C

+ " + ©oT

A
1 Tz 1 o

Vlbe T Cje Vbe 1/Gse ’\Cse <> m " be VvV ce

E' 0 0 E
f =
27T,
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Capacitance and charging times

Ty =Tg +Tye T 7,

7. =r(C,+C, +C )—k—T(C +C_,.+C )

E

Te = We Here, W, is the length of the CB depletion width.

2{v,)
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Capacitance and charging times

> 1
o[ f Y f. =
max 8 ﬂRB CC 2 7Z-»Z-d

1.0E+08

1.0E+07 -
T — Ft
.ED — Fmax

/.-— \_——‘\
1.0E+06 -
1.0E+05 \ \ \ \
0.0E+00 2.0E-05 4.0E-05 6.0E-05 8.0E-05 1.0E-04

Wb(cm)
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High-frequency transistors

 Bottom line:

— Every region of the device has a resistance
associated with it which leads to a RC time
delay.

— At high frequencies even wires and leads have
inductances and capacitances.
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