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Fermi-Dirac Function and Fermi Level 

The Fermi function f(E) specifies how many of the existing states at the energy 

E will be filled with electrons. The function f(E) specifies, under equilibrium 

conditions, the probability that an available state at an energy E will be occupied 

by an electron. 

 It is a probability distribution function. 

EF = Fermi energy or Fermi level 

k = Boltzmann constant = 1.38 1023 J/K 

= 8.6  105 eV/K 

T = absolute temperature in K  
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Fermi-Dirac distribution: Consider T  0 K 

For  E > EF : 
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For E < EF : 
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If E = EF then  f(EF) = ½  

If                                            then      

 

 Thus the following approximation is valid: 

i.e., most states at energies 3kT above EF are empty. 

If                                           then 

 

Thus the following approximation is valid: 

So, 1f(E) = Probability that a state is empty, decays to zero. 

So, most states will be filled. 

kT (at 300 K) = 0.025eV, Eg(Si) = 1.1eV, so 3kT is very small in comparison. 
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Fermi-Dirac distribution: Consider T > 0 K 
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Temperature dependence of Fermi-Dirac distribution 
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Extrinsic Semiconductor 

CuuDuongThanCong.com https://fb.com/tailieudientucntt

cu
u d

uo
ng

 th
an

 co
ng

 . c
om

http://cuuduongthancong.com?src=pdf
https://fb.com/tailieudientucntt


Extrinsic Semiconductor 
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Extrinsic Semiconductor 
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The number density, i.e., the number of 
electrons available for conduction in CB is  

The number density, i.e., the number of 
holes available for conduction in VB is  
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• σi depends strongly on the 

temperature and the  charge 

carrier densities 

• extrinsic conductivity 

depends additionaly on 

excitation of dopants into the 

conduction band.  

 











kT
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Carrier Mobility 

E

Vd

Macroscopic understanding 

In a  perfect Crystal   

0







    It is a superconductor 
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Microscopic understanding 
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• A perfect crystal: 

 a perfect periodicity 

 the potential seen by a carrier is completely periodic. 

 the crystal has no resistance to current flow and behaves as a 

superconductor. The perfect periodic potential does not impede the 

movement of the charge carriers. 

• The presence of impurities, interstitials, subtitionals, temperature 

 creates a resistance to current flow. 

The mobility has two component 

Impurity interaction component Lattice interaction component 
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Mobility variation with temperature 



)ln(



T T 

ln( T ) 

Peak depends on 
the density of 

impurities 

High temperature Low temperature 

I
L

1 1 1

T L I  
 

This equation is called  as 

Mattheisen’s rule. 

CuuDuongThanCong.com https://fb.com/tailieudientucntt

cu
u d

uo
ng

 th
an

 co
ng

 . c
om

http://cuuduongthancong.com?src=pdf
https://fb.com/tailieudientucntt


Mobility variation with temperature 
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2

3

2

3

1



 TTCL

At high temperature  

(the lattice warms up) L

L decreases  when temperature increases. 

It is  called as a            power law. 

C1 is a constant. 

1.5T 

       Carriers are more likely scattered by the lattice atoms. 

component becomes 

significant. 

Mobility variation with temperature 
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At low temperatures I component is significant. 

I decreases  when temperature decreases. 

2

3

2 TCI  C2 is a constant. 

              Carriers are more likely scattered by ionized impurities. 

Mobility variation with temperature 

• The peak of the mobility curve depends on the number density of ionized 

impurities. 

• Highly doped samples will therefore cause more scattering, and have a lower 

mobility, than low doped samples. 
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97 

• Large concentration gradient at 

boundary 

• Gradient causes electrons to diffuse 

from n to p and holes to diffuse from p 

to n 

• p-type material is negatively charged 

with fixed acceptor ions in the vicinity 

of pn-boundary.   

• n-type material is positively charged 

with fixed donor ions near the junction 

• Electric field across the boundary 

directed from n to p-region 

• Counteracts the diffusion of holes and 

electrons as it causes electrons to drift 

from p to n and holes to drift from n to p 

Bringing p- and n-Materials Together  
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Depletion Capacitance 
 

• When a reverse bias is applied to p-n junction diode, the 

depletion region width, W, increases. This cause an increase in 

the number of the uncovered space charge in depletion region.  

 

• Whereas when a forward bias is applied depletion region width 

of the p-n junction diode decreases so the amount of the 

uncovered space charge decreases as well. 

 

• So the p-n junction diode behaves as a device in which the 

amount of charge in depletion region depends on the voltage 

across the device. So it looks like a capacitor with a 

capacitance. 
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 Capacitance of a diode varies with W (Depletion Region width) 

   

 W (DR width varies width applied voltage V ) 

V

Q
C 

Charge stored in 

coloumbs 

Voltage across the 

capacitor in volts 

Capacitance in 

farads 
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2

Capacitance per unit area of a diode ;

   

For one-sided abrupt junction; e.g.    

Si
DEP

A D n n

A p D n

F
C

W cm

N N x W x

N x N x




   



2
   for  

The application of reverse bias ;

2( )2 ( )

Si Si Si bi
DEP n A D

n D

Si Si D
DEP

bi RSi bi R

D

V
C x N N

W x qN

q N
C

V VV V

qN
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2

2

If one makes  measurements and draw 1  

against the voltage ;  built-in voltage and 

doping density of low-doped side of the diode from 

the intercept and slope. 

2( )1

2

R

bi R

Si D

S

C -V /C

V obtain

V V

C q N

slope
q









2

                   ln( )A D
bi

i D i

kT N N
V

N q n
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Device 
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• Two main categories of transistors:  

• bipolar junction transistors (BJTs)   

• field effect transistors (FETs).  

 

• Transistors have 3 terminals where the application of current 
(BJT) or voltage (FET) to the input terminal increases the 
amount of charge in the active region.  

 

• The physics of "transistor action" is quite different for the BJT 
and FET. 

 

• In analog circuits, transistors are used in amplifiers and linear 
regulated power supplies.  
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• Transistors may be grouped into two major divisions: bipolar and 

field-effect.  

 

• Bipolar transistors: utilize a small current to control a large current.  

 

• Field-effect transistor: utilize a small voltage to control current  

and then focus on one particular type: the junction field-effect 

transistor.  

 

• All field-effect transistors are unipolar rather than bipolar devices. 

That is, the main current through them is comprised either of 

electrons through an N-type semiconductor or holes through a P-

type semiconductor.  

156 

CuuDuongThanCong.com https://fb.com/tailieudientucntt

cu
u d

uo
ng

 th
an

 co
ng

 . c
om

http://cuuduongthancong.com?src=pdf
https://fb.com/tailieudientucntt


Field effect: Induction of an electronic charge due to an electric field. 
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JFET 
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BIPOLAR TRANSISTOR 
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• A bipolar transistor essentially 
consists of a pair of PN Junction 
diodes that are joined back-to-
back.  

• There are therefore two kinds of 
BJT, the NPN and PNP varieties.  

• The three layers of the sandwich 
are conventionally called the 
Collector,     ,Base,     Emitter.  

n
p

n

E B C
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• Three terminals: 
• Base (B): very thin and lightly doped central region (little 

recombination). 
• Emitter (E) and collector (C) are two outer regions sandwiching 

B. 
• Normal operation (linear or active region): 

• B-E junction forward biased; B-C junction reverse biased. 
• The emitter emits (injects) majority charge into base region and 

because the base very thin, most will ultimately reach the 
collector. 

• The emitter is highly doped while the collector is lightly doped. 
• The collector is usually at higher voltage than the emitter. 
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• Active:  

• Most importance mode, e.g. for amplifier operation. 

• The region where current curves are practically flat. 

 

• Saturation: 

• Barrier potential of the junctions cancel each other out 
causing a virtual short. 

• Ideal transistor behaves like a closed switch. 

 

• Cutoff: 

• Current reduced to zero 

• Ideal transistor behaves like an open switch. 
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How the BJT works 
• Figure shows the energy levels 

in an NPN transistor under no 
externally applying voltages.  

• In each of the N-type layers 
conduction can take place by 
the free movement of electrons 
in the conduction band.  

• In the P-type (filling) layer 
conduction can take place by 
the movement of the free holes 
in the valence band.  

• However, in the absence of 
any externally applied electric 
field, we find that depletion 
zones form at both PN-
Junctions, so no charge wants 
to move from one layer to 
another. 

NPN Bipolar Transistor 
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• What happens when we apply 
a moderate voltage between 
the collector and base parts.  

• The polarity of the applied 
voltage is chosen to increase 
the force pulling the N-type 
electrons and P-type holes 
apart.  

• This widens the depletion 
zone between the collector 
and base and so no current 
will flow.  

• In effect we have reverse-
biassed the Base-Collector 
diode junction.  Apply a Collector-Base voltage 
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Charge Flow • What happens when we apply a relatively 
small Emitter-Base voltage whose 
polarity is designed to forward-bias the 
Emitter-Base junction.  

• This 'pushes' electrons from the Emitter 
into the Base region and sets up a current 
flow across the Emitter-Base boundary.  

• Once the electrons have managed to get 
into the Base region they can respond to 
the attractive force from the positively-
biassed Collector region.  

• As a result the electrons which get into 
the Base move swiftly towards the 
Collector and cross into the Collector 
region.  

• Hence a Emitter-Collector current 
magnitude is set by the chosen Emitter-
Base voltage applied.  

• Hence an external current flowing in the 
circuit. 

Apply an Emitter-Base voltage 

179 

CuuDuongThanCong.com https://fb.com/tailieudientucntt

cu
u d

uo
ng

 th
an

 co
ng

 . c
om

http://cuuduongthancong.com?src=pdf
https://fb.com/tailieudientucntt


• Some of free electrons crossing 

the Base encounter a hole and 

'drop into it'.  

 

• As a result, the Base region loses 

one of its positive charges (holes). 

 

• The Base potential would become 

more negative (because of the 

removal of the holes) until it was 

negative enough to repel any 

more electrons from crossing the 

Emitter-Base junction.  

 

• The current flow would then stop. 

Some electron fall into a hole 

Charge Flow 
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• To prevent this happening we use 
the applied E-B voltage to remove 
the captured electrons from the 
base and maintain the number of 
holes.  

• The effect, some of the electrons 
which enter the transistor via the 
Emitter emerging again from the 
Base rather than the Collector.  

• For most practical BJT only about 
1% of the free electrons which try 
to cross Base region get caught in 
this way.  

• Hence a Base current, IB, which is 
typically around one hundred 
times smaller than the Emitter 
current, IE. 

Some electron fall into a hole 

Charge Flow 
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Input & Output 

• We would want to know the collector current (iC), collector-
emitter voltage (VCE), and the voltage across RC. 
 

• To get this we need to fine the base current (iB) and the base-
emitter voltage (VBE). 
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Input & Output 
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Input & Output 
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MOSFET 
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The MOS capacitor consists of a Metal-Oxide-Semiconductor structure:  

• The semiconductor substrate as the bulk 

• A thin oxide layer 

• A top metal contact as the gate. 

• A second metal layer forms an Ohmic contact to the back of the 

Semiconductor 

• The oxide is characterized as a semiconductor with a very large 

bandgap, which blocks any flow of carriers between the semiconductor 

(p) and the gate metal.  
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Energy band diagrams and charge density diagrams MOSFET (n Si) 
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Energy band diagrams and charge density diagrams MOSFET (p Si) 
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