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Issues to Address 

• Electronic structures 

• Energy band gaps (Fermi energy level) 

• Resistivity & Conductivity:  

  Metal 

  Semiconductor 

  Insulator (dielectric) 
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Electrons... 

ELECTRONIC STRUCTURES - ELECTRON ENERGY STATES 

•  have discrete energy states (levels) 

•  tend to occupy lowest available energy state 
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Electronc Structures- Energy Bands 

• When atoms come together to form a solid, their valence 
electrons interact due to Coulomb forces; they feel the electric 
field produced by their nucleus and that of the other atoms.  

• From Heisenberg's uncertainty principle, the electrons 
constrained to a small volume, experience an increase in their 
energy state. This would imply that the electrons are promoted 
into the forbidden band gap. 

• From the Pauli exclusion principle, the number of electrons that 
can have the same properties is limited (energy level included). In 
semiconductors and insulators, the valence band is filled, and no 
more electrons can be added. 
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Bands 

 As a result, the valence electrons form wide 
bands when in a solid state.  

 The bands are separated by gaps, where 
electrons cannot exist.  

 The precise location of the bands and band 
gaps depends on the atom, the distance 
between atoms in the solid, and the atomic 
arrangement.  
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When atoms interact, levels split 

Imagine 12 atoms 

condensing 

6 



ELECTRONIC BANDS 

Electrons fill 

available states up to 

the Fermi Energy Ef 
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Atom: Discrete 

Energy levels.   Large 

separation 

E 

Group of atoms: 

Energy levels split  

small separation 

Bulk (1023 atoms) 

Bands of Continuous 

Allowed Energy  

Energy Levels: 
Discrete to 
Continuous 
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Electronic Band Structure 

Bulk (1023 atoms) Bands of 

Continuous Allowed 

Energy  

Band 

overlap 
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Filling the Bands 
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Keep in mind that at 

each energy level there 

are many, many 

electrons, not just one.  
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The energy corresponding to the highest filled state is the Fermi energy, Ef.  

(a) Metal (copper – half filled energy band) 

(b) Metal (magnesium – 3s and 3p bands overlap) 

(c) Insulator (filled valence band separated by a wide band gap from an 

empty conduction band) 

(d) Semiconductor (filled valence band separated by a narrow band gap from 

an empty conduction band)  
Conduction band - a partially filled or empty energy band 
Valence band – the highest partially or completely filled band 

Electron Structures in Solids at 0 K.  
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Possible energy band diagrams of a crystal. Shown are: a) a half filled band, b) two 

overlapping bands, c) an almost full band separated by a small bandgap from an almost 

empty band and d) a full band and an empty band separated by a large bandgap. 
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•  Metals: 

-- Thermal energy puts 

     many electrons into 

     a higher energy state. 

•  Energy States: 

-- the cases below 

    for metals show 

    that nearby 

    energy states 

    are accessible 

    by thermal 

    fluctuations. 

CONDUCTION & ELECTRON TRANSPORT 
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Conduction & Electron Transport 
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•  Metals (Conductors): 
-- for metals, empty energy states are adjacent to filled states.  

•   two types of band  

    structures for metals 

•   thermal energy  

    excites electrons  

    into empty higher  

    energy states. 

 - partially filled band 

 - empty band that  

   overlaps filled band 
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Overlapping bands 



Metals – Electron States 

 For metals, little energy is required to promote electrons into 
the low-lying empty states.  

 Energy provided by an electric field is sufficient to excite large 
numbers of electrons into the conduction band. 
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Resistivity & Conductivity 
• The difference comes down to how the electrons are arranged 

around the nucleus. 

• The laws of quantum physics say that there are only specific 
bands (or tracks) where an electron can travel.  

• First of all, only a very specific number of electrons can travel in 
each band. Second, which track an electron is in corresponds to 
how much energy that electron has.  And third, some of the 
bands are closer to each other than others.   

• The electrical conductivity (the ability of a substance to 
conduct an electric current) is the inverse of the resistivity: 
  conductivity, s = 1/r    
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Valence Electrons 
Movement of valence electrons 
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Electron movement 
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An electron moves about randomly in a metal (with a 
mean speed u) being frequently and randomly scattered 
by thermal vibrations of the atoms. In the absence of an 
applied field there is no net drift in any direction.  



Resistance of Movement 

Low resistance – high  

conductivity 

High resistance – low  

conductivity 

Horizontal lattice vibration 

Vertical lattice  

vibration 

Lattice defects also can resist electron 

flow, thus contributing resistance 

Superconductivity is an electrical resistance of 

exactly zero which occurs in certain materials (metal 

& ceramic) below a characteristic temperature. 
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What is Resistance (Resistivity) ? 
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Resistivity, r: defines how difficult is it for current to flow. 

It is a material property that is independent of sample 

size and geometry. 

Resistance, R : obstruction of current flow. It depends on the 
intrinsic resistivity r of the material [W-m] and on the geometry 
(length L and area A through which the current passes):  R = r L/A 



Electronics 
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•  Ohm's Law: 

voltage drop 

(volts) 

DV = I R 

resistance (Ohms) 
current (amps) 

ELECTRICAL CONDUCTION 

D V 
I e - 

L 

Extensive 

Property 
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Metallic Conduction 

E 

Unoccupied 

States 

(conducting) 

Occupied 

States 

V=IR 

V 

I 

Linear I vs. V curve 

no matter how small 

the voltage, we have 

current.  

Ef 

Lower the temp, higher 

the conductivity 

Satisfies Ohm's 

Law 
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Semiconductor Conduction 

E 

Unoccupied 

States 

(conducting) 

Occupied 

States 

V=IR 

V 

I 

Non-Linear I vs. V curve 

small voltages-no current.  

Ef 

Higher the temp, higher 

the conductivity 

Deviate from 

Ohm's Law 
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Ohm’s Law 

• When an electrical potential, V [volts, J/C] is applied 
across a piece of material, a current of magnitude, I 
[amperes, C/s] flows.  

• In most metals, at low voltages, the current is proportional 
to V, and can be described by 

• Ohm's law: I = V/R,  where R is the electrical resistance 
[ohms, W].  

•  Ohm's Law: V = I R 
voltage drop (volts = J/C) 

    C = Coulomb 

resistance (Ohms) 
current (amps = C/s) 
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Resistivity, r and Conductivity, s: 

    -- geometry-independent forms of Ohm's Law 

  

DV

L


I

A
r

resistivity 

(Ohm-m) 

  
s 

I

rconductivity 

•  Resistance: 

  
R 

rL

A


L

As

D V 
I e - 

L 

Intrinsic 

Property 

26 



Conductivity 

• Electrical conductivity varies between 
different materials by over 27 orders of 
magnitude, the greatest variation of any 
physical property. 

 

• Metals: s > 105 (W.m)-1 

• Semiconductors: 10-6 < s < 105 (W.m )-1 

• Insulators: s < 10-6 (W.m )-1 
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Example:  Conductivity Problem 
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What is the minimum diameter (D) of the wire so that V < 1.5 V? 

Cu wire I = 2.5 A - + 

V 

Solve to get     D > 1.876 mm 

< 1.5 V 
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6.07 x 107 (Ohm-m)-1 
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σ = n |e| μe 
 

σ  = conductivity;  n = number of electrons, |e| = charge = 1.6 x 10-19 C, μ = electron mobility 

In a metal, n is large. In an insulator, n is very, very small.  
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•  Room T values (Ohm-m) 
-1 

CONDUCTIVITY:  COMPARISON 

Polystyrene           <10 
-14 

  

Polyethylene    10 -15 -10 
-17 

Silver       6.8 x 10 7   

Copper     6.0 x 10 7   

Iron       1.0 x 10 7 

METALS 

Silicon     4 x 10 -4   

Germanium   2 x 10 0   

GaAs         10 -6 

SEMICONDUCTORS 

Soda-lime glass     10 -10   

Concrete                  10 -9   

Aluminum oxide   <10 -13 

CERAMICS 

POLYMERS 

conductors 

semiconductors insulators 
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Band gap Energy 
• When light shines on crystalline silicon, electrons within the 

crystal lattice may be freed. But only photons (packets of light 
energy) with a specific level of energy can free electrons in the 
semiconductor material from their atomic bonds to produce an 
electric current. 

• This level of energy (band gap energy) is the amount of energy 
required to dislodge an electron from its covalent bond and 
allow it to become part of an electrical circuit.  

• To free an electron, the energy of a photon must be at least as 
great as the band gap energy.  

• Photons with more energy than the band gap energy will expend 
that extra amount as heat when freeing electrons.  
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Fermi Level - http://cnx.org/content/m13458/latest/ 

Fermi Level is defined as the highest occupied molecular 

orbital in the valence band at 0 K.  

 The Fermi function, f(E) gives the probability that a 

state, S at energy, E is occupied by an electron, given that  

E is an allowed energy level. 

Metal, T=O K Metal, T>O K Semiconductor T>O K 

Conduction band 

Valence band 
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• Insulators 

• Semiconductors 
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ELECTRICAL CONDUCTIION IN  

NON-METALLIC MATERIALS 



Insulators 
• In insulators there are no 

free electrons to move 
throughout the material.  

• Interatomic bonding is ionic 
or strongly covalent. The 
valence electrons are 
tightly bonded, highly 
localized and not free to 
scatter throughout the 
crystal. 

•  The band-gap is large, the 
valence band is full, and 
the conduction band is 
empty. 
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•  Insulators: 
    -- wide band gap (> 2 eV) 

    -- few electrons excited  

       across band gap 

Energy 

filled  
band 

filled  
valence  
band 

fi
lle

d
 s

ta
te

s
 

GAP 

empty 

band 
conduction 



36 



Semiconductors 
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•  Semiconductors: 
    -- narrow band gap (< 2 eV) 

    -- more electrons excited  

       across band gap 
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empty 
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 In semiconductors, 
bonding is predominantly 
covalent (relatively weak).  

 These electrons are more 
easily removed by thermal 
excitation. 

  The band-gap is smaller, 
the valence band is full, 
and the conduction band 
is empty. 
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Charge Carriers  
in Insulators and Semiconductors 

Two types of electronic charge carriers: 
 

Free Electron  

•  negative charge            

•  located in conduction band 

•  energy level greater than Ef 

 

Hole   

• positive charge 

• vacant electron state in the 
valence band 
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Move at different speeds - drift velocities 



Energy (Eg) required to promote electrons from the valence band to the 
conduction band. 

Free Electrons 
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