CH.4 : BIPOLAR Junction Transistors (BJTS)

Definition : (Tran (Sear) + (Re) sistdt:transferso current acrosa resistor) — An active
S/C device (made of Si, Ge, Ga As, etc) havinge8tedde. Conduction is by meansgof
S (@ n elementary particle with smallest mg. Chargd &S (mobileé vacancies
equivalent to a positive charge)
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Important Feature: Current there 2 terminals candntrolled by small changes in
current (or voltage ) at thé“3erminal. This control feature allows us to arfypsimall

Ac signals or to switch the device from on stat©fF.

There are 4 possible modes of operation deternbgebe terminal voltage polarities:
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4.1) principles of operation:

Considera Pn junction reverse biased fazimgeverse saturation which is caused by EGp
creation withino diffusion length of the junction, swept by théeld at the junction.

This current does not depend on how fast these EB®Swvept but how often they are
generated

ObservationThis reverse saturation can be increased therbfonecreasing the rate of
EHP generation possible method are:
1. optical excitation of EHPswith light (Hf>Eg).



2. thermal excitation of EHPS by raising temp (T.300Kk).

3. dlectrical injection of minority carriersaround the junction.
The result isx controllable reverse current (independent of batage ) which is
practically proportional to the rate of EHP genierabf minority carrier injection rate.
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The third method 9which is injection of minorityrdars) is realizable by the use of a
forward bias Pn junction.

For example, if the minority carriers are H+ s thdorward biased P+n junction will
inject H+s into the n-region of a reverse biased juymction woll create the desired

result.

Ie flows in and { flows out

Requirements to hawegood transistor (x tor) PnP:
1. Small n-region pA< Ly , Wy = width of neutral region
=> —
2. T, should be long. } oEND, T

3. current E should be composed entirely of H+===9»  palbase lighter than
Emitter.

Base currentglideally should be zero but in practice is non zerd is caused by:



a)"" recombination in the base.
b) € injection into the emitter region

In Summary.

P'np Xtor
—>

Npn Xtor
—>
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Summary of hole and electron flow in a p-n-p tratesi with
proper biasing: (1) injected holes lost to recorabon in the
base; (2) holes reaching the reverse-biased coflgotction;
(3) thermally generated electrons and holes makmthe
reverse saturation current of the collector juncti@)
electrons supplied by the base contact for recoatioin with
holes; (5) electrons injected across the forwaesbdnl emitter
junction.
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Schematic diagram identifying the various composi@hthe
base current of an-p-n transistor, biased in the active region,
as well as the emitter and collector currehfsepresents the
emitter hole detect curreny; - I, represents the base electron
recombination current anghd represents the collector leakage
current, which includes both the diffusion compadreswell

as the space-charge-generated current.



- Band diagrams
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Note: Wherever f or B, has a non zero slope, theré @urrent flow

Ina dEn , jpo dEp Due to minority carriers
dx dx

4.2) Device Analysis

Consider an npn Xtor as shown:

Assume abrupt junctions agxc:

0<X<X% (No)e (4.37)
Xe < X < % (No)s (4.38)
Xc N X< )tc (Nd)c (4.39)



-2 Transition regions : 1BX - Xep 2) XcB - XaC

- Active width of the base is: ¥\ Xsc - Xge
Also define: W = Xgg (see above)

apc = IC = DC current transfer rationl
IE

a, = olC = Small-signal low freqo < 1
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In practiceapc ~ 0<0
Note: ais also called the common-base current gain

Bpc=lc= Base to collector current amplification factor

3 (also called common-emitter current gain)

le=lc+lg = Bc=_apc
1'U~DC

Note: asupc _, 1 Bc _,

apc =lc = lc X Ih¢ X g = M Xar Xy

lE Inc InE IE
where
le=IhE + lpe h Ic = Inc+ Ipc

y = lne = Emitter Efficiency

E
ar = Inc = Base Transport factor
nk
M = Ic = Collector Multiplication factor
he
(1) findy:
V= he=_he =_1
00<sy<1 Y 1 +ge

Ine

()

(4.40)

(4.41)
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(4.46)

(4.47)

(4.48)



d=1l exp KT -1

using Eq. 3.29 gives :

(4.49)
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Ine = Ines (quBE/KT—l) (4.50 a)

— VBE/KT
IpE = IpEs (eq —l) =

D [l " D,:L,uN. 5 tanh (W’B,’L,,H)}-‘

D, gL,cN, e tanh (We/L,e)
Eq. (3.50) indicates that the most important fastarontrolling *%” is the ration of

Nag = _Base doping density
Nge emitter doping density

This ratio can be made as small as possible orytenly, But in practice doping
the emitter too high makes it degenerate and emaittts very much like. metal, Eg.l

and (Nikquit = ¥ practical< Y theoretical
Note:y ~ (1 + D, Nag Wa / Dy Nege W)™* = (1 +0pWs / 0, We)™
y~1-0op Ws/0,Wg for op/on <<'1 (4.50c)
proof of egs. (4.50b) & (4.50c)
1)op=qRpHP =g Nas Hp (base conductivity)
on=qnun~q Nggpun (Emitter conductivity)

op/on=Neg Up = N D
De HN Ne D

(since Dp=Dn = KT ; einstein’s relation)

HP HNn q
2)tanh_W ~ W (narrow base)
Ln Ln
tan h_W ~ Wg (small emitter)

Lp Lp



3) 1 ~1-a fora<<1
1+a

combining (1), (2) & (3) with eq. (4.50 a) gives. €4.50b) & (4.50 c)

(2) findingar :

In the base regions ignoring drift current:

__dn
In(X) = gADpg dx (4.51)
need to find n’(x) subject to:
t s X fi"af\
aB?(CB:E » n'(xgg) = ngy |:€Xp ( T ) == 1:‘
and at %c (4.52)
n'(xge) = Mg [exp (":;f) - 1] : Reverse biased

~-Nog ~ 0 for Vgc >> Vr

- (4.53)

Using B.C. given above & combined with appropristi®script changes in eq. (3.28=p

N'(X) = nog.Sinh [(xsc—X) / Lng] | expg _9M¥e|- 1 (4.54)
Sinh (W/Lng) kKT
O dn’ = - ngcosh [(sc—X)/Lng| expl a\ée |- 1 (4.55)
sinh W) KT

substituting in Eq. (4.51), gives:

ar = lnc = gDng dn’/dX|%c (4.56a)
Ine  QDns dn’/dx|xe

or

cosh O =sech W (4.56b)
cosh (W/Lngs las




sech y ~1- ¥, y«l
when V\é « LnB E oT ~ ~ 1" V\/ZB (457)

1
1+ Wsg/2L%5 2% 5

Note: Ws | = a7 1

And Wi =f (Vgg, Vec) O or is bias dependent.

(3) finding M
" -¥c \" 1 (4.58)
from eq. (3.35)=» ME 1( E(Wsc)]

where m = 3 for sin & (¥,)sc = BKdn volt. At BC].

Oeq. 4.47=» agc =Yy atM

W ola (4.59)
DpELnBN(XB tanh l-FlB Bv m|-1
=1+ sech W< 1-| -

W

nBLpeNdE tanh s
Then eq. 4.46=»
Bac = Odc = 1
1 -agc 1hbge - 1
(4.60)

Ignoring small terms.
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In eq. (4.61) foBpc, the first terms (which is related pis the dominant term for
modern BjTs and therefore:

(4.62)
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Note I The factor with the most impact #pc is Noe / Nag Ratio assuming a constant
doping.

For non const. doping and small region widths camgbavith Ln (or Lp) we need to use:

Tanh W ~Wp tanhW ~ 1 (We>>1) (4.63a)
lie Lo de be
Substitute in eq. (4.62)
U Boc = Dng Nge Lpe = Un Noe Lpe const. doping
BeNagWs P Nag Ws
Note: Dig = Dot
N up (4.63b)
G E(." y . ey
i {7%‘__‘#} / j i = IL' ﬁf #
Wl /'6 ‘ -

Gg = Gummel Number determin@sc and thus the doping profile or grading of the
“base” is very importantin Xtor Design.

Note 2: ashk! = G! = Bpct & Wz !

0 as [Mc| 1 — Wg ¢ (morey™ punch thru Bkdn for lowsy



4) Emitter Heavy Doping effects and Band gap narrowing

Observation

- Experimental results on BT have indicated thatinjection efficiency ® of eq.(4.50 b)
gives an optimistiprediction. This is attributed to a heavy dopafigct in the emitter
region called “band gap narrowing”

- According to this mode, the activation energyessary to peporate or free&is
reduced due to an existence of a dense cloud e$lftybom the impurities)
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- This in effect reduces the energy gap (EQ).
e.g. N-typesi:

Ny=5X10"/en’ . AEg=15.9 mev

Ny=5X10°/ e’ AEg =159 mev
- Empirically AEg is found to be :

(4.63 ¢)

AEg = 22.5 (n/18)” (mev)  (N-type s/c)
Where n = density of majorityarriers.

- Therefore the new effective intrinsic carrier siéypdue to the reduced band gap now
becomes:

(i)err=Nc Ny g(FFHENT = i, gAEKT (4.63d)

- the “electron-hole density product” in the “E”der equil. Conditions then becomes:

NoPo = (ni)zeff ni?. e"FYKT
or
Po = ni’. e"FIKT I (RB)new = (Po)old e FIKT (4.63e)

- Heavy “E” doping reduces Eg bXEQ _——y,  (B)new T—pp 7!
y! since the effect of EG was not previous included in Eq. (4.50 b)



- Eq. (4.50 b) may be now corrected to accouniteg by introducing
(Nag)ett = Nae E]izl (niY’err | = Nyg €°FYT (4.64)

a) Is, Ic, Ie: Calculations  (EBers — moll egs.)

- In order to analyze BjTs, It is convenient to rabitl as a two-port circuit element. We
use a common-Base config. With an npn Xtor (shoelow) as a black box:

The Black It
common- \
Base transistor circuit connection for ar Wy

n-p-n transistor represented as a “black = !_ oF Uikl ;F:.-;:_
i

box,” with two input ports and two o= .

output ports. Note thatgé is positive e _
when the base potential is positive Yoz [1\ Vi
relative to the collector. In addition, + | Is

Ve = -Vec a

- By analogy with the junction diode |-V equatiom& expect similar types of I-V
relationship for a BjT, which consist basicallytefo coupled diodes:

Iy = *"Iilffd:h'ﬂr =) Al T =
and

1’ = .-*i:!{fﬂl AT ”I - __.-f:__{r;'“.l-l:ﬂr'i = ”.
(4.64 a)

where A, & A»; are coupling coeffs.

Egs. (4.64 a) referred to as the Ebers-moll ege.in a form which is very useful for
Xtor modeling particularly in computer-aided ckiadysis, and are not restricted to low
level injections or any specific mode.



From eqs. (4.52) & (4.53):

7 "‘%r

= "] #¢sb)
“(Xac) Anc (w) -hoﬁ[e, ;/-IJ

4 |
W (XBE) = bAne () = Nog,

Ig=a, 8ng(o)+a,:z An,(wg)

<4 (¥.¢(4a) -,

Ic = a,, Ang (o) + Ahc(Wa)

(4.64 c)

Note: In this form of Egs. (4.64 C), BjT curreat® seen to be lineariependent on the
excess minority carrier concentrations at_ the eménd_collectoedges of the base
region, therefore superposition can be used inctse.

- This is in contrast with the nonlineaalations in terms of M & V¢ Of eq. (4.64a)
A"F

Excess minority carrier Ah‘{p)

b) Elbers — Moll parameters in terms of physicalice parameters

distribution in the base

- BjT's Ig & I can be derived by considering the exaagsority carrier flow similar to
pn junction diodes.

From the continuity eqn & eq. 2.12: (4.64 d)
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To get good current gain, in practicesl\i, << 1

Xn
0 e ~1+ X', , x<<1

Thin Base Analysis

Using B.C & Assumption of WL, << 1 yeilds

nXy) ~C-BX,+B+C
Ln

-
O xn & Ws (4.64f)

i 45
.A”E(')g/h - Ahc(wﬁ()

W, —_—
es/Lh _WB/J«n
= e
~WB
o Ahe(w)- AHE[o)C /Lh
e/l
—WEg
e e e /Lh z4 (
4.64 g)
(4.64 h)
(4.64i)
0 X'n = Wi (4.64))

This is an approximate Linedrstribution for i(x) in the_thingbase(/L,, << 1) for all

values \e & Vg, (i.e. all 4 possible models)

Assumingy = 1, Eis exclusively minoritye diffusion current flow in the base:



IE; ;I..lj aﬁffi:‘l} = X=_
121 b?‘; /} } £ = ?ﬂnlf’fvﬁ)/bh

L
Ic.;-?gz}nM’ = X :fﬁ_pl(al%‘::%}
L n 4

Y ¢
o ’?’h =Wg
(4.64 K)

using derived values of B & C as given by eqs.4f,6ve may write eqs (4.64K) &
(4.64 1) in the standard Ebers-Moll format as faléo

IE = a; Ang(0) + a2 Anc (Wg)

(4.64 m)
Ic = &1 Ang(0) + &2 Anc (Wg)
__-ph W
Where: all=a22= ,L cthl L,
a1=&2= -0 An- AW
Assuming W/L,<<1 =p W 3T
Q=a1= -qMn- _gAWs
W 6F
(4.64 p)
since csch((y)i+y y<<1
y 3
sech (y)~ + ¥ y<<1
2
ctnh(y)~1+y y<<1
y 6
tan h (y) ~1 + y* y<<1
3
Zg 3=



Base current is given byg £ - lg- Ic

lg = - [(a1 + @&1) Ang(0) + (a2 + @2 Anc(Ws)]

(4.64 q)
EXAMPLE : Active Mode:
Be junction : FWD bias
Bc junction : Rev. bias
O Ang(0) £ 0 (minority carrier injection)
Anc (Wg) = -npg ~ 0 (minority carrier extraction)
n(x)
A ] P ) N
SRR k- 1 !
Emith, ; l Base \Go lleT,
| | !
| :
o e
’ { : : |w5 '
X - O o “‘.:“05 x;
P W‘-_- % Thin Base ;
EALA<<1)
le =_-qAon ctnh _W Ang(0) (4.647)
Ws la
lc =_-q9 Aon cschy_W¥\ Ang(0) (4.64 s)
Ln k
g =_- g Aon tanh(_W¥ | Ang(0) (4.641)
Ln 2

When Ws/L, << 1, eq. (4.64t) forglgives :

ls ~ g AW Ang(0)/2Tn , We/lLp <<'1 (4.64u)




c) Base Recombination current

- Although k normally is small, it nevertheless plays an esakrdle in BjT operation;
for example in CE config. an i/p current suppliediie Base lead is amplified and
appears at the o/p (collector)

v“-ba—

B e

- One function of the base current is to supplyagonity hole for each minority lost by
recombination in transit from “E” to “c”.

- In steady stateg Irepresents the'Hlow that must be supplied in order to maintaia th
almost linearexcess minority carriers distribution in base \lahigust be replenished
every T, secslllg = Q

nl , (4.64V)

Qe = steady state total charge of excessbase
Qe = - (Y2Ang(0) We). (0 A)
O I =g AWs Ang(0) / 2Tn (4.64 W)

eq. (4.64w) ford was derived earlier for a thing base and is tieesa5 eq. (4.64u).
slope

f_H
from eq. (3.64K) = gl~- Ic = gAD, dn'(x'n)
ox'n n=0

lc ~+q A Dy Ang (0) (4.64X)
W



For a thin base, we require good current gg#e():
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[Jgood current gain and a Linear minortgistribution in the base region require a very
thin base compared with minority carrier diffusiength (Ln), which confirms our thin-
base assumption!

4.3) - Frequency response

- The current gain of a BjT is a function of freg. if we assumg and M are indep. Of
freq these base transport facter)(is the only freq. dep. Factor.

- The following analysis will lead tan o — cutoff freq. (W) excluding capacitive and
resistive parasitic effects. If these effectstaken into account, the current gain will fall
off at a lower freq. then W

(4.65)
Wrgc = sech_W =~ agc
From eq. (3.36a)
N L.g

(4.66)

substituting inorqc yields

e [ -
:II_LJ| saCn [—rj ||_ AL ,ii:?lT,ﬂjIJ" ._;I ;

(4.67)

or using the Laplace transform variables s in ptage.

| W
ali} = sech [-ﬁ (1 + 47"
Lo X

(4.68)



which can also be written

[il -1 I
ale] w fendy | 22 sty !
fr lraf I:[ I “-“1} JJ

The hyperbolic cosine can be expanded in a Tagdoes to give

# e

coshx=l+x—+—
2! 4l

(4.69)



