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bipolar transistors

lightly doped p substrate

npn transistor

Used in 

▪ front-end high-frequency receivers (mobile telephones)

▪ low input impedance amplifiers

▪ power devices    
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▪ electrons and holes are driven towards the junction

▪ depletion region becomes narrower

Minority electrons injected into the p-region
Minority holes injected into the n-region

np(xp) pn(xn) 

+

0

0

( ) exp

( ) exp

p p p

B

n n n

B

eV
n x n

k T

eV
p x p

k T

 
=  

 

 
=  

 

𝑝𝑛0 =
𝑛𝑖

2

𝑁𝐷

𝑛𝑝0 =
𝑛𝑖

2

𝑁𝐴

forward bias V > 0
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▪ electrons and holes are driven away from the junction

▪ depletion region becomes wider

Minority electrons are extracted from the p-region by the electric field
Minority holes are extracted from the n-region by the electric field
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reverse bias, V < 0
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long / short diodes



pnp transistor, no 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

pnp transistor, forward active bias
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emitter (n+) base (p) collector (n)contact contact

pe0

nb0 pc0

𝐼𝐸𝑝 = −𝑒𝐴𝑏𝑒𝐷𝑝

𝑝𝑒0 𝑒𝑒𝑉𝑏𝑒/𝑘𝐵𝑇 − 1

𝑥𝑒 − 𝑑𝑒

de xe xeb xbc dcxc

𝐼𝐸𝑛 = 𝑒𝐴𝑏𝑒𝐷𝑛

𝑛𝑏0 𝑒𝑒𝑉
𝑏𝑐

/𝑘𝐵𝑇 − 𝑒𝑒𝑉𝑏𝑒/𝑘𝐵𝑇

𝑥𝑏𝑐 − 𝑥𝑏𝑒

𝑛𝑏0 exp
𝑒𝑉𝑏𝑒

𝑘𝐵𝑇

𝑛𝑏0 exp
𝑒𝑉𝑏𝑐

𝑘𝐵𝑇

𝑝𝑒0 exp
𝑒𝑉𝑏𝑒

𝑘𝐵𝑇

𝑝𝑐0 exp
𝑒𝑉𝑏𝑐

𝑘𝐵𝑇

minority carrier concentration



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

pe0

nb0

𝐼𝐸𝑝 = −𝑒𝐴𝑏𝑒𝐷𝑝

𝑝𝑒0 𝑒𝑒𝑉𝑏𝑒/𝑘𝐵𝑇 − 1

𝑥𝑒 − 𝑑𝑒

de xe xeb xbc dcxc

𝐼𝐸𝑛 = 𝑒𝐴𝑏𝑒𝐷𝑛

𝑛𝑏0 𝑒𝑒𝑉
𝑏𝑐

/𝑘𝐵𝑇 − 𝑒𝑒𝑉𝑏𝑒/𝑘𝐵𝑇

𝑥𝑏𝑐 − 𝑥𝑏𝑒

𝑛𝑏0 exp
𝑒𝑉𝑏𝑒

𝑘𝐵𝑇

𝑛𝑏0 exp
𝑒𝑉𝑏𝑐

𝑘𝐵𝑇

𝑝𝑒0 exp
𝑒𝑉𝑏𝑒

𝑘𝐵𝑇

emitter current



𝐼𝐸 = 𝐼𝐸𝑛 + 𝐼𝐸𝑝 =
𝑒𝐴𝑏𝑒𝐷𝑝𝑝𝑒0

𝑥𝑏𝑒 − 𝑑𝑒
+

𝑒𝐴𝑏𝑒𝐷𝑛𝑛𝑏0

𝑥𝑏𝑐 − 𝑥𝑏𝑒
𝑒𝑒𝑉𝑏𝑒/𝑘𝐵𝑇 − 1 −

𝑒𝐴𝑏𝑒𝐷𝑛𝑛𝑏0

𝑥𝑏𝑐 − 𝑥𝑏𝑒
𝑒𝑒𝑉𝑏𝑐/𝑘𝐵𝑇 − 1

𝐼𝐸 = 𝐼𝐸𝑆 𝑒𝑒𝑉𝑏𝑒/𝑘𝐵𝑇 − 1 − 𝛼𝑅𝐼𝐶𝑆 𝑒𝑒𝑉𝑏𝑐/𝑘𝐵𝑇 − 1

pe0

Emitter current

nb0

𝑛𝑏0 exp
𝑒𝑉𝑏𝑒

𝑘𝐵𝑇

𝑛𝑏0 exp
𝑒𝑉𝑏𝑐

𝑘𝐵𝑇

𝑝𝑒0 exp
𝑒𝑉𝑏𝑒

𝑘𝐵𝑇

de xe xeb xbc dcxc



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

𝐼𝐶𝑝 = −𝑒𝐴𝑏𝑐𝐷𝑝

𝑝𝑐0 𝑒𝑒𝑉𝑏𝑐/𝑘𝐵𝑇 − 1

𝑑𝑐 − 𝑥𝑐

𝐼𝐶𝑛 = −𝑒𝐴𝑏𝑐𝐷𝑛

𝑛𝑏0 𝑒𝑒𝑉𝑏𝑒/𝑘𝐵𝑇 − 𝑒𝑒𝑉𝑏𝑐/𝑘𝐵𝑇

𝑥𝑏𝑐 − 𝑥𝑒𝑏

pc0

collector current

nb0

𝑛𝑏0 exp
𝑒𝑉𝑏𝑒

𝑘𝐵𝑇

𝑛𝑏0 exp
𝑒𝑉𝑏𝑐

𝑘𝐵𝑇

𝑝𝑐0 exp
𝑒𝑉𝑏𝑐

𝑘𝐵𝑇

de xe xeb xbc dcxc



𝐼𝐶 = 𝐼𝐶𝑝 + 𝐼𝐶𝑛 =
𝑒𝐴𝑏𝑐𝐷𝑛𝑛𝑏0

𝑥𝑏𝑐 − 𝑥𝑏𝑒
𝑒𝑒𝑉𝑏𝑒/𝑘𝐵𝑇 − 1 −

𝑒𝐴𝑏𝑐𝐷𝑝𝑝𝑐0

𝑑𝑐 − 𝑥𝑐
+

𝑒𝐴𝑏𝑐𝐷𝑛𝑛𝑏0

𝑥𝑏𝑐 − 𝑥𝑏𝑒
𝑒𝑒𝑉𝑏𝑐/𝑘𝐵𝑇 − 1

𝛼𝐹𝐼𝐸𝑆 𝑒𝑒𝑉𝑏𝑒/𝑘𝐵𝑇 − 1 − 𝐼𝐶𝑆 𝑒𝑒𝑉𝑏𝑐/𝑘𝐵𝑇 − 1

pc0

Collector current

nb0

𝑛𝑏0 exp
𝑒𝑉𝑏𝑒

𝑘𝐵𝑇

𝑛𝑏0 exp
𝑒𝑉𝑏𝑐

𝑘𝐵𝑇

𝑝𝑐0 exp
𝑒𝑉𝑏𝑐

𝑘𝐵𝑇

de xe xeb xbc dcxc



𝐼𝐶 = 𝛼𝐹𝐼𝐸𝑆 𝑒𝑒𝑉𝑏𝑒/𝑘𝐵𝑇 − 1 − 𝐼𝐶𝑆 𝑒𝑒𝑉𝑏𝑐/𝑘𝐵𝑇 − 1

𝐼𝐸 = 𝐼𝐸𝑆 𝑒𝑒𝑉𝑏𝑒/𝑘𝐵𝑇 − 1 − 𝛼𝑅𝐼𝐶𝑆 𝑒𝑒𝑉𝑏𝑐/𝑘𝐵𝑇 − 1

IE

IB

IC

𝐼𝐹 = 𝐼𝐸𝑆 𝑒𝑒𝑉𝑏𝑒/𝑘𝐵𝑇 − 1 𝐼𝑅 = 𝐼𝐶𝑆 𝑒𝑒𝑉𝑏𝑐/𝑘𝐵𝑇 − 1

R RI F FI

𝐼𝐵 = 𝐼𝐸 − 𝐼𝐶

Ebers-Moll model



2. saturation: 
emitter-base forward, 
base-collector forward

transistor modes

1. forward active: 
emitter-base forward, 
base-collector reverse

3. reverse active: 
emitter-base reverse, 
base-collector forward

4. cut-off: 
emitter-base reverse, 
base-collector reverse



𝐼𝑐 = 𝛼𝐹𝐼𝐸𝑆 𝑒𝑒𝑉𝑏𝑒/𝑘𝐵𝑇 − 1 − 𝐼𝐶𝑆 𝑒𝑒𝑉𝑏𝑐/𝑘𝐵𝑇 − 1

𝐼𝐸 = 𝐼𝐸𝑆 𝑒𝑒𝑉𝑏𝑒/𝑘𝐵𝑇 − 1 − 𝛼𝑅𝐼𝐶𝑆 𝑒𝑒𝑉𝑏𝑐/𝑘𝐵𝑇 − 1
solve for Vbe

saturation

active

cutoff IE < 0

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

common base  configuration



𝐼𝐸 = 𝐼𝐸𝑆 𝑒𝑒𝑉𝑏𝑒/𝑘𝐵𝑇 − 1 − 𝛼𝑅𝐼𝐶𝑆 𝑒𝑒𝑉𝑏𝑐/𝑘𝐵𝑇 − 1

𝐼𝐶 = 𝛼𝐹𝐼𝐸𝑆 𝑒𝑒𝑉𝑏𝑒/𝑘𝐵𝑇 − 1 − 𝐼𝐶𝑆 𝑒𝑒𝑉𝑏𝑐/𝑘𝐵𝑇 − 1

B E CI I I= −
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current amplification ~100

common emitter configuration



𝐼𝐸𝑝 = 𝑒𝐴𝑏𝑒𝐷𝑝

𝑝𝑒0 𝑒𝑒𝑉𝑏𝑒/𝑘𝐵𝑇 − 1

𝑥𝑒𝑏 − 𝑑𝑒

𝐼𝐸𝑛 = −𝑒𝐴𝑏𝑒𝐷𝑛

𝑛𝑏0 𝑒𝑒𝑉𝑏𝑒/𝑘𝐵𝑇 − 𝑒𝑒𝑉𝑏𝑐/𝑘𝐵𝑇

𝑥𝑏𝑐 − 𝑥𝑏𝑒

For e ~ 1,      xbc - xbe  <<    Lb,   xeb - de    and     nb0 >> pe0

Small base width and heavy emitter doping

for npn
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𝛾𝑒 =
𝐼𝐸𝑛

𝐼𝐸𝑛 + 𝐼𝐸𝑝
=

1

1 + 𝐼𝐸𝑝/𝐼𝐸𝑛

neutral base width

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

Emitter efficiency



𝐵 =
𝐼𝐶

𝐼𝐸𝑛
ratio of the injected current to the collected current

▪ recombination in the base would reduce the base transport factor

▪ a thin base with low doping results in a base transport factor ~ 1 

Base transport factor



𝛼 =
𝐼𝐶

𝐼𝐸
= 𝐵𝛾𝑒

 ~ 1 for a good BJT

Current transfer ratio



𝛽 = ℎ𝑓𝑒 =
𝐼𝐶

𝐼𝐵

𝐼𝐵 = 𝐼𝐸 − 𝐼𝐶

𝐼𝐵 =
1

𝛼
− 1 𝐼𝐶

𝛽 =
𝐼𝐶

𝐼𝐵
=

𝛼

1 − 𝛼
=

𝐵𝛾𝑒

1 − 𝐵𝛾𝑒

 ~ 50 - 500 

𝐼𝐶 = 𝛼𝐼𝐸

current amplification factor



for common emitter configurationThe Art of Electronics
Horowitz and Hill

no causality: IB -> IC



𝑔𝑚 =
𝜕𝐼𝐶

𝜕𝑉𝑏𝑒

The transconductance can be very high.

𝐼𝐶 = 𝛼𝐹𝐼𝐸𝑆 𝑒𝑒𝑉𝑏𝑒/𝑘𝐵𝑇 − 1 − 𝐼𝐶𝑆 𝑒𝑒𝑉𝑏𝑐/𝑘𝐵𝑇 − 1

𝑔𝑚 =
𝑒𝛼𝐹𝐼𝐸𝑆

𝑘𝐵𝑇
𝑒𝑒𝑉𝑏𝑒/𝑘𝐵𝑇 ≈

𝑒𝐼𝐶

𝑘𝐵𝑇
=

𝑒𝛽𝐼𝐵

𝑘𝐵𝑇

first term depends on Vbe

Transconductance

operated in forward active mode



Ebers -  Moll:

𝐼𝐸𝑆 =
𝑒𝐴𝑏𝑒𝐷𝑝𝑝𝑒0

𝑥𝑒 − 𝑑𝑒
+

𝑒𝐴𝑏𝑒𝐷𝑛𝑛𝑏0

𝑥𝑏𝑐 − 𝑑𝑏𝑒
𝐼𝐶𝑆 =

𝑒𝐴𝑏𝑐𝐷𝑝𝑝𝑐0

𝑑𝑐 − 𝑥𝑐
+

𝑒𝐴𝑏𝑐𝐷𝑛𝑛𝑏0

𝑥𝑏𝑐 − 𝑥𝑏𝑒

IES and ICS are treated as constants but the depletion widths Wbc, Wbe, Wc, and We depend on the voltages.
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Early effect

𝐼𝐶 = 𝛼𝐹𝐼𝐸𝑆 𝑒𝑒𝑉𝑏𝑒/𝑘𝐵𝑇 − 1 − 𝐼𝐶𝑆 𝑒𝑒𝑉𝑏𝑐/𝑘𝐵𝑇 − 1

𝐼𝐸 = 𝐼𝐸𝑆 𝑒𝑒𝑉𝑏𝑒/𝑘𝐵𝑇 − 1 − 𝛼𝑅𝐼𝐶𝑆 𝑒𝑒𝑉𝑏𝑐/𝑘𝐵𝑇 − 1

𝐼𝐵 = 𝐼𝐸 − 𝐼𝐶
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xn1 xp1 xn2xp2

minority carrier concentration
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IC ~ IB  



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.

Early effect



IC ~ IB  amplifier

Common emitter configuration
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