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Outline

• Silicon atom
• Bonding
• Energy bands
• Metal, semiconductor, insulator
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Quantum numbers and periodic table
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n : principal quantum number, defines shells

l : orbital quantum number

ml: magnetic quantum number

Spin: Angular momentum of each electron 

s : spin number (1/2 or -1/2)

Pauli Exclusion Principle

For each value of n, l, ml, only two electrons 

    with opposite spins occupy each energy level.
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Silicon atom
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1s : 2e

2s, 2p: 8e

3s, 3p: 4e
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Bonding and Crystalline Silicon
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• To form a crystal we need to bring atoms close to each other.

• The potential well of the two atoms mix, resulting in the mixing of the orbitals 
that form separate antibonding and bonding orbitals.

• The antibonding orbital energy level is
 at higher energy and bonding
 orbital is at lower energy.
• There is a separation between
 bonding and antibonding energy levels.

SiSi SiSi SiSi

0.235 nm

antibonding level
bonding level3s, 3p

!ψ !ψ

!" ψψ −

antibonding orbital

!" ψψ +
bonding orbital
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Silicon energy bands

Streetman & Banerjee, Solid State Electronic Devices

• When more silicon atoms are brought closer 
to each other, 3s-3p orbitals are combined to 
form a bonding (valence) band and an 
antibonding (conduction) band, at actual 
spacing in the figure.  Bands (shaded in the 
figure) are a collection of a large number of 
energy levels for electrons.
• These bands are separated in energy.  
Between these bands there are no energy 
levels available for electrons.  This separation 
in the bands is referred to as the bandgap of 
silicon       .
• The number of energy levels in the 
conduction and valence bands is equal and is 
given by       , where     is the number of Si 
atoms.
• Given the density of Si:                       /cm3,
  the number of energy levels (states) in 
  valence and conduction bands are:
• The last four electrons of each atom fill up the 
bonding (or valence) band.  This band is full 
with                       electrons.
• The antibonding (or conduction) band is 
empty.

!"
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Conduction band

Valence band!!"#$×=!"#

Peyman Servati p. 6ELEC 315: Semiconductors and Metals



Lithium band structure (a metal)
• For a metal like lithium atoms have one 
electron in the last shell: 1s2 2s1 3s0

• When lithium atoms are brought closer to each 
other, 2s, 2p and 3s orbitals combine and form 
some energy bands.

• However, these three bands overlap and there 
is no separation between these bands in lithium, 
in contrast to silicon. 

• The electron in the last shell of each lithium 
atom fill energy levels from the bottom to the 
middle of the continuous band.

• The resulting band structure is half full and half 
empty.  
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Bandgap and Material Type

Eg

Semiconductor with 
partially full VB

holes

Eg < 0.3 eV

MetalsSemiconductor 
with full VB

CB

VB

0.3 eV < Eg < 3 eV

Eg > 3 eV

Insulators

(dielectrics)

B.V. Zeghbroeck, online book, Chapter 2.3, 2.4, 2.5

P&T, Chapter 2,3,4
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Metals

Why metals have such a high conductivity?

What is the temperature dependence of conductivity in metals?

What is electromigration?

Streetman & Banerjee, Solid State 
Electronic Devices

Kasap & Capper, Handbook on 
Electronic and Photonic Materials
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Mobility and Scattering
Generally the electric current density 
can be written in terms of carrier 
density and their drift velocity:

In conductors the electric field 
accelerates the electrons and as a 
result increases their average speed:

The mobility is proportional to mean 
time between collisions or mean 
scattering time     :
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Semiconductors

What is the range of conductivity for 
semiconductors?

What is the temperature dependence of 
conductivity in semiconductors?

Semiconductor 
with full VB

Eg

Semiconductor with 
partially full VB

holes

CB

VB

0.3 eV < Eg < 3 eV
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Bandgaps of Semiconductors  

From J.J. Liou

Examples:

• GaP - green LEDs

• GaAs - LNA MESFETs

• AlGaAs/GaAs - HBTs, lasers

• InGaAsP - HEMTs

• SiGe - HBTs, biCMOS

• Si - everything else!
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• The conductivity of semiconductors is mainly determined by their bandgap

• The bandgap is a function of the composition and structure of a semiconductor.

• In compound semiconductors (such as SiGe, GaAs, and GaP), the bandgap changes 
with the relative ratio of the two materials.
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Intrinsic Semiconductors
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• The density (number per unit volume) of carriers (electrons in conduction band (CB) and holes in 
valence band (VB)) in semiconductors determine their conductivity.

• In intrinsic (pure) semiconductors (very low impurity and defects), the density of conduction electrons 
and valence holes at 0K is theoretically zero.

• As temperature increases, thermal energy is enough to move some electrons from VB to CB. As a 
result, the number of electrons and holes increase exponentially according to Boltzmann Equation. 
Note that number of holes and electrons are equal.

!"#" !# µµσ +=

electrons

Higher 
T

Eg
holes

Lower 
T

Eg

T = 0 K
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Example
• Find the resistivity of silicon at 100 K and room temperature, knowing its bandgap is 1 
eV, density of intrinsic electrons is 1010 cm-3, and mobility of electron and holes are 1000 
and 500 cm2/Vs, respectively.
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Extrinsic Semiconductor

Eg

n-type

0 K

Si

Si

Si

Si

Si

As

Si

Si Si Si Si

B Si Si

Si Si Si Si

Extra electron

Extra hole

Ed

n-type

50 K

p-type

0 K

p-type

50 K

Eg

Ed

Eg

Ea

Eg

Ea

• Adding impurity atoms (B, P, Al, As, …) in silicon crystal modifies the number of 
electrons and holes in the network.

• N-type dopants have an extra electron.  P-type dopants need an electron.  They give an 
electron (n-type) or hole (p-type) to the semiconductor network at a temperature like 50 
K.
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Extrinsic Semiconductor
Different type of dopants for silicon are:

n-type: donors for Si and Ge: P, As, and Sb

p-type: acceptors for Si and Ge: B and Al

• It is important to note that when a dopant is ionized (gives electron or hole to the 
network), there will be a fixed ionic charge (positive for n-type and negative for p-type) 
at the place of the dopant.

• So if a semiconductor is doped with NA p-type and ND n-type dopants, the charge 
neutrality equation will be in the form of:

n-type p-type
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Charge neutrality
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Fermi-Dirac Distribution
Fermi-Dirac Distribution function             is used to calculate the density of electrons 
and holes.  This function yields the probability for a state at energy E to be occupied 
by an electron.  This function for a given Fermi energy EF at temperature T is given 
by:
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Carrier Concentration

n ≈ NC f (EC,EF ) = NC
1

1+ e(EC−EF )/kT
≈ NCe

−(EC−EF )/kT
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Based on Fermi Dirac Distribution, the density of electrons in the conduction band as a 
function of Fermi energy can be calculated as:

!"Density of states of the conduction band      is given by:

where effective electron mass                  and                      kg is the 
mass of free electron.  For silicon                       /cm3 at room 
temperature.

Density of holes is given by

where                               is density of states in the valence band and  

!"
# "#"$% −×=!

effective hole mass                      . For silicon                       /cm3 at room temperature.
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Example
Find the Fermi energy      for an intrinsic semiconductor with conduction and valence 
band densities of      and      , respectively.!"

Density of electrons and holes for an arbitrary Fermi energy can be written with 
respect to      : 

Find the product 
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Fermi Energy for Doped Semiconductors
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The Fermi energy for a n-type semiconductor doped by dopant atoms with a density of          
can be written as:

The Fermi energy for a p-type semiconductor doped by dopant atoms with a density of          
can be written as:
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Peyman Servati p. 20ELEC 315: Semiconductors and Metals



Recombination and Generation

For intrinsic material:

Generation rate:

Recombination rate:

Equilibrium:
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Thermal generation is the process of electrons gaining energy and moving to the 
conduction band.  Electrons in the conduction band can recombine with holes in the 
valence band through recombination process.  The equilibrium between these two 
processes leads to a stable electron and hole density.
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Majority and Minority Carriers
In an extrinsic semiconductor, the dopants determine the number of majority carriers.  
The number of minority carriers is determined by the equilibrium between the carriers 
through recombination.

Example: What is the minority and majority carrier concentration at room temperature 
in silicon doped with:

Phosphorus

Eg

recom
bination

generation

Boron
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Excess Carriers, Direct Recombination
If we have a semiconductor under equilibrium:

External energy sources such as light can also give energy to electrons to move from 
valence to conduction band.  This generates an electron and a hole.  We call these 
carriers excess carriers and the condition for equilibrium is not held anymore:  

Holes:

Electrons:

Recombination rate:
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Indirect Recombination
Direct recombination is the process of electrons in the conduction band recombining 
directly with holes in the valence band.  

Another mechanism of recombination is indirect recombination.  The electrons from 
conduction band move a defect (trap) level in the middle of the gap and then 
recombine with a hole in the valence band.

Recombination rate: ( ) !"#$ %!! !α=

Eg

indirect

recom
bination

EC

EV

Et

indirect

generation

( ) !"#$ %!! !α=

Peyman Servati p. 24ELEC 315: Semiconductors and Metals



Quasi Fermi Level
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When a semiconductor is under light illumination, the photons give energy to 
electrons to move them from valence band to conduction band.  This leaves a pair of 
electron and hole.  As a result of this the conductivity of semiconductor increases 
upon exposure of light.

For this non-equilibrium conditions, we can define quasi Fermi energies for both 
electrons and holes.  Remember in equilibrium there is only one Fermi energy.
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Minority Carrier Lifetime
Excess carriers (electrons or holes) generated in a semiconductor under non-
equilibrium conditions, the carriers remain until they get recombined.  The transient 
response of excess carrier density is characterized by a parameter called carrier 
lifetime.  Carrier lifetime      is the average time that takes for a carrier to get 
recombined.

For total electron density:

Excess electron density:(p-type)

Excess hole density:(n-type)
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Density of States Effective Mass

 

! =
"π
# !

!!!

!!"
#$#
!π

=
k

E

- +

For example, in an infinite potential well:

In a semiconductor, we can define effective masses for electrons 
and holes       :
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The observed mass of electrons in a semiconductor is different from the mass of a 
free electron      .
The momentum is given by

Using classical formula to define the mass of a particle:
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Indirect and Direct Bandgap

Si and Ge has indirect bandgaps, 
the minimum of conduction band 
and maximum of valence band 
do not line up in E-k diagram. 
GaAs has a direct bandgap.

Different conduction band minima 
correspond to different effective 
masses.
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