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Bipolar junction transistors (BJT)
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bipolar transistors

npn transistor

collector base emitter

? ? lightly doped p substrate

= front-end high-frequency receivers (mobile telephones)
= Jow input impedance amplifiers
= power devices
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Oxide isolated integrated BJT - a modern process



abrupt junction

N < eND
p +
-Xp
dE_p % .
E A E
X, X,
P |
v |
—_—=— |
dx k E,
7y |
€V v \

NpN
eV,; = kBTln< D2A>
n;

eN
E = —TA(X‘FXP)
eN
E =TD(x—xn)




forward biasV >0

log(Carrier Densities)

= electrons and holes are driven towards the junction

= depletion region becomes narrower
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— L Minority electrons injected into the p-region
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reverse bias, V<0

log{Carrier Densities)
20 - = electrons and holes are driven away from the junction
15 = = depletion region becomes wider
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Npo = N, Minority electrons are extracted from the p-region by the electric field

Minority holes are extracted from the n-region by the electric field



long / short diodes

N, = 1E15 1en? Np = [1E15 lem? E,y = [1.166-4.73E-4*T*T/(T+636) ev dy=[2 = |um
N,(300) = |9.84E18  |l/em? N,(300) =|2.78E19 |l/eny® & = |12 . T=[300 = K dy=02 = |mm
Hp =480 cm?/V s fin = [1350 cm¥Vs  Tp=[1E7 s T=[1E7 s
V=02 AY

o . (somt
E,=112eV W =|z,|+|z,/=105um z,=-0.527pum  z,=0527pum  V;; =0618V  n; =6.4let9 cm™
D,=124cw?s D,=349cm¥s L,=1l1pm L,=187um n, =410etdcm3  p, =4.10e+4 cm>
Ap=-535%+8cm™®  B,=662e+8cm™  A,=424e+8cm™® B, =-2.96e+8 cm™

jn = 0.00000357 Acm™  j, =0.00000128 Acm™?  jgg = 0.00000485 A cm™
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pnp transistor, no bias
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pnp transistor, forward active bias

@ base-emitter voltage:

controls the minority carriers injected
from the emitter to the base

minority carriers
diffuse to the base-collector junction
and are swept into the collector

always dissipate power due to the forward bias
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minority carrier concentration

contact emitter (n+) collector (n) contact

peo(eevbe/kBT — 1)
Xe — de

IEp = —eAber

nbO(eeVbC/kBT — eeVbe/kBT)

Ign = eAbeDn
Xbc — Xpe



emitter current

contact emitter (n+) collector (n) contact
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nbO(eeVbC/kBT — eeVbe/kBT)

Ign = eAbeDn
Xbc — Xpe



Emitter current

eAberpeO eAbeDnnbO eAbeDnnbO

(eeVbe/kBT — 1) —

Xbe — de Xbc — Xpe Xbc — Xpe

IE =IETL+IEp -

IE = IES(eeVbe/kBT — 1) — aR]CS(eeVbC/kBT — 1)




collector current

contact emitter (n+) collector (n) contact
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Collector current
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Ebers-Moll model

A

IE = IEs(eeVbe/kBT — 1) — aRlcs(eeVbC/kBT — 1)

IC = aFIEs(eeVbe/kBT — 1) — Ics(eeVbC/kBT — 1)

Ig =1g —I¢




transistor modes
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common base configuration

IE = IES(eeVbe/kBT — 1) — aRICS(eeVbC/kBT —_ 1)
solve for V,,

IC = aFIES(eeVbe/kBT — 1) — ]CS(eeVbC/kBT — 1)

Al |
| aF=0.93
: ap=|0.25
? saturatlon( | T
CE= -
E B C I
I | Ugpe(maz) =2 WV
—-—E—h- {Q_,__ a0 : T= 300 E
+
E o—— P mn p e C : | I[1]=]0 ma
+ + | active Is[2] =1 sl
v v fotma)” | Is(3)= 2 mé
F o . Ig[4]=/5 mh
J |
EB jh’ B | Z51=]10 mh
— — 20 Igl6]=20 i
. Py ® : Ig[7]=[s0 ik
| ig[8] = mh
10 ! Ig[%]= mé
7777 ! I10]= mé,
|
] i r— -Replut

Bl -15 -10 05 ;';C[v] ns 1.0 13 \
cutoff /<0

http://lampz.tugraz.at/~hadley/psd/L13/commonbase/pnp_current.html



common emitter configuration

IE = IES(eeVbe/kBT — 1) — aRICS(eeVbC/kBT — 1) ]

IC = aFIES(eeVbe/kBT — 1) — ICS(eeVbC/kBT — 1)
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http://lampz.tugraz.at/~hadley/psd/L13/commonemitter.php



Emitter efficiency

for npn
_ Ign _ 1 —
Ign +1g, 1 +1Ep/IEn

Ye

peO (eevbe/kBT —_ 1)

Xep — de

IEp == eAber

eVpe/kpT eVypc/kpT
nbo(e be/ Bl —p bc/ B )

Igp, = —eApeDy,
Xbc — Xpe
For Ye ™ 1, Xpe = Xpe << Lb' Xeb - de and Npo =2 Peo
neutral base width N i
Ab NDe

Small base width and heavy emitter doping

Zegbroek gets a simpler formula by setting V, . =0 so that the exponential terms are the same.



Base transport factor

B =-— ratio of the injected current to the collected current

= recombination in the base would reduce the base transport factor

= athin base with low doping results in a base transport factor ~ 1



Current transfer ratio

o ~ 1 foragood BIT



current amplification factor

I¢
p = hfe = I_
B
3 Ic a By,

=E=1—a=1—Bye

B ~ 50 - 500

Iy = Iy — I,
IC = aIE
I ! 1
B a



no causality: I; -> |-

The Art of Electronics for common emitter configuration

Horowitz and Hill £

“Transistor man™



Transconductance

operated in forward active mode

_ 0dl¢
gm - aVbe
IC — aFIES(eeVbe/kBT — 1) — ICS(eeVbc/kBT — 1)
first term dependson V,,
B earplgg eVio/knT el; B eflg _
Im = kT e ~ kT = kT The transconductance can be very high.



Early effect

IE = IES(eeVbe/kBT — 1) — aRICS(eeVbC/kBT — 1)

Ebers - Moll:
I = aFIES(eeVbe/kBT _ 1) _ ]Cs(eevbc/kBT _ 1)
IB - IE — IC
_ [eAberPeo eAbeDnnbol [ = [eAbchpco eAbchnbOI
B Xep — de Xpe — Ape ¢ de = Xc Xbc — Xbe

lrc and I are treated as constants but the depletion widths W,_, W, W, and W, depend on the voltages.

peO




minority carrier concentration

Vv emitter
2000000 e
«— | n,, exp be base
BT collecter
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Il junctions
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n-Emitter

NPN common emitter configuration

Ay =183 cm?

o
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o
% Minority pipe = 480 em?/Vs N.(300K) = 2.78€10 cm?
(qo] Nee = 1£16 cm N, (300K) =|9.84E18 cm™
GJ Tpe = 1E-5 s Ey = 1.166-4.736-4*T*T/(T+636) | eV
| & =119
()] p-Base Ty max = 0.001 eV
I Minority finy = 1350 em?/Vs Ve max =12 eV
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Early effect

—  —
- —
-_—

V. '—40 Vie

Common emitter configuration
Base width modulation: smaller width increases the diffusion current and increases the gain.

Punchthrough: The neutral base width goes to zero and all gain is lost.
Lightly dope the collector -> voltage drops in collector. Makes circuit slower.



Common emitter configuration
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not an npn transistor

contact emitter (n+) base (p) collector (n) contact

3




small signal response

cc

Output
current

Low input impedance amplifier

«—V

transistor resistor



small signal response

Bo T o C
. 3 . v v V. transistor man
lC = ﬁlB = ﬁgEBvEB ‘IEE =B # "R EB
Eo o E
i _ L
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small signal response

Current gain

10° 108 107 108 10?

Frequency (Hz)
fp = A —apfa fr=aofa
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