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EE415/515 Fundamentals 
of Semiconductor Devices

Fall 2012

Lecture 4:  
Extrinsic Semiconductors

(Chapter 4.2-4.6 )
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Extrinsic: N-type (P) doping

J. Morris 2

Donor level Ed ≤ EC
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Extrinsic: P-type (B) doping

Acceptor level Ea ≥ EV

Electron orbit around donor impurity

(phonons) s vibrationlattice and effects shielding  todue

 freey essentiallatoms latticemany  sencompasseorbit  i.e.

screeningelectron  )(  todue freey essentiall i.e.

orbitin  enclosed atoms 1728 cell atoms/unit 8 6 ~ ..

constants lattice Si x 4  6  4.2   :1For 

8.11  &  26.0  :SiFor 

053.0
4

  radiusBohr  where

n  
4

  gives

  momentumangular  quantized and  
1

.
4

r

3

01

0
*

2
0

2
0

0

0*
02

2
022

*
2*

2

2





























xei

anmrn

mm

nm
em

a

a
m

m

me
nr

nvrm
r

vm

r

e

r

r
r

n

n
nn









10/1/2012

3

Ionization Energy

ECE 415/515 Fall 2011 J. Morris 5

Extrinsic carrier concentrations
& Law of Mass Action
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Ex 4.5 Determine the thermal equilibrium 
concentrations of electrons and holes in 
Si at T=300 K if EF=EV+0.215eV.

ECE 415/515 Fall 2011 J. Morris 7

Minority carrier suppression
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Majority & Minority Cariers
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ECE 415/515 Fall 2010 B. Pejcinovic/B. Natter/J. Morris 10Band diagrams fig 3-161
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Donor & acceptor levels (& EF)
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Extrinsic 
Fermi 
Level
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Position of extrinsic Fermi level
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Ex 4.12 For Si at T=300 K, Nd=8x1015/cm3, 
Na=5x1015/cm3, find EF wrt Ec.
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Ex 4.13 For n-type Si at T=300 K, doped with As, find 
maximum doping Nd for which the MB approximation 
is still valid, i.e. when Ed-EF=3kT.

(Ec-Ed=0.05eV 
from Table 4.3)

Compensation and Space Charge 
Neutrality

 Consider n-type semiconductor doped with 
both donors and acceptors.  Nd > Na

 EF is well above EA, so all states filled.
• Mostly filled with donated conduction band electrons.

• Unless Nd is close to Na then

n0 = Nd - Na ;  called compensation

ECE 415/515 Fall 2011 16
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Electron & hole concentrations
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Ex 4.9 Find thermal equilibrium electron and hole 
densities in Si with doping Nd=7x1015/cm3 and 
Na=3x1015/cm3 for (a) T=250 K & (b) T=400 K.

10/1/2012 J. E. Morris 19

Ex 4.10 Find thermal equilibrium electron and hole densities 
in Ge (ni=2.4x1013/cm3) with doping Nd=2x1014/cm3 and Na=0 
for (a) T=250 K & (b) T=350 K. (c) What happens with very 
low-doped materials as T increases? 

10/1/2012 J. E. Morris 20

(c)  Tend towards 
intrinsic with n=p
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Degenerate semiconductor: high doping

10/1/2012 J. E. Morris 21

Donor (acceptor) ionization/freeze-out
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Carrier freeze-out
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Figure 3—18

Carrier concentration vs. inverse temperature for 
Si doped with 1015 donors/cm3.
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Arrhenius plot: semi-log vs 1/T
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 High temp 
intrinsic
dominates. 

 Above ~100K

extrinsic

n0 ~ Nd

 Low temp 
ionization region, 
electrons 
donated to 
conduction band

Ex 4.7 Find fraction of electrons still in donor states 
at (a) 250 K and (b) 200 K, for P doping Nd=1016/cm3. 
(c) How does the fraction vary as T decreases?
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Summary:  Temperature effects on carrier 
concentration

 At low temperatures dopants are not 
completely ionized.

 Ionization increases with temperature.

 Above ~100K donors are completely ionized 
and n0=Nd constant.

 At high temps ni dominates (exponential).

ECE 415/515 Fall 2011 27

Summary 

 EF = EFi for intrinsic material.  

ni = Ncexp[-(Ec-EFi)/kT]

pi = Nvexp[-(EFi-Ev)/kT]

 Combine, knowing n0p0 = constant=ni
2.  

ni = [NcNv]1/2 exp[-Eg/2kT]

 Rewrite previous equations.

n0 = ni exp[(EF – EFi)/kT]

p0 = pi exp[(EFi – EF)/kT]

in general at equilibrium

ECE 415/515 Fall 2011 J. Morris 28
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Review:  Find the majority and minority 
carrier concentrations

 If we dope Silicon with 1017 cm-3 of Boron what are 
concentrations 
• at room temperature?
• just above 0 K?
• 700 K?

 Silicon with 1017 cm-3 of phosphorous and 1016 cm-3

of boron at room temp?
 You should be able to do the room temp calculations 

(approximately) in your head and understand how 
they will vary with temperature.

ECE 415/515 Fall 2011 29

Now put different materials together
(Fermi levels align)
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Assignment #2
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3.29 4.37
3.40 4.46
4.6 4.50
4.19 4.61


