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CME 300 Properties of Materials 
 

ANSWERS:  Homework 9 November 26, 2011 
 

 

 
 
As atoms approach each other in the solid state the quantized energy states: 
 

 
are split.  This splitting is associated with the wave nature of the electron in an energy level.  
Waves can diffract from the valence electrons of other atoms in the solid.  The splitting becomes 
more pronounced the closer atoms are from each other and the number of splittings is related to 
the number of atoms.  In a solid the splitting lead to a continuous band of electron energies up to 
the Fermi Energy for the highest occupied energy of the valance band.   
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The band structure is composed of filled states at the lowest energies, the valance band at a 
moderate energy where the highest occupied energy levels exist and a generally empty 
conduction band (for semiconductors and insulators).  The size of the forbidden gap between the 
valance and the conduction bands decides if a material is a conductor, semiconductor or 
insulator.   

 
For conductors the valance band and the conduction band overlap.  For insulators there is a large 
band gap between the valance and the conduction bands.  For semiconductors there is a small 
band gap between the valance and conduction energy bands. 
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Data was digitized using “PlotDigitizer” shareware and replotted as log carrier conc versus 1/T.  
This was fit with the exponential function given in the question to yield E/2k. 
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ESi = 2*7200 * 8.62 e-5 eV/K = 1.2 eV  (Table value 1.1 eV) 
EGe = 2* 7200 * 8.62 e-5 eV/K = 0.914 eV  (Table value 0.67 eV) 
 

 
 
Intrinsic means that the charge carriers are not from dopants so there are equal numbers of holes 
and electrons as charge carriers.  This is an undoped semiconductor such as intrinsic Si or 
intrinsic Ge.  Extrinsic semiconductors are doped materials with either electrons or holes as the 
majority carriers such a P doped Si or Al doped Si.  A compound semiconductor is a 
semiconductor composed of different atoms such as GaAs from group III an group V.  An 
elemental semiconductor is a semiconductor composed of a single element such as Si or Ge.   
 

 
 
For each group V element (P) added to a group IV semiconductor (Si) you create one extra 
electron that can act as a charge carrier.  Similarly, for each group III element (Al) added to a 
group IV semiconductor (Si) an electron hole is created that can act as a charge carrier. 
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N (group V) to Si (group IV) so N is a donor of electrons. 
B (group III) to Ge (group IV) so B is an acceptor of electrons (makes holes). 
S (group VI) to InSb (groups III and V) so S is a donor of electrons. 
In (group III) to CdS (groups II and VI) so In is an acceptor of electrons (makes holes). 
As (group V) to ZnTe (groups II and VI) so As is a donor of electrons. 
 

 
 and doped (extrinsic) semiconductors. 
 
The conductivity of metals decreases linearly with absolute temperature since the path of 
electrons in a metal becomes longer as an increase in temperature makes the diffusion path 
longer and this increases the number of collisions with other atoms leading to a loss following 
the Drude model. 

 
The conductivity of a semiconductor increases exponentially with temperature following an 
Arrhenius function.   

 
since the number of charge carriers increases as electrons can overcome the band gap through 
thermal motion.  This process leads to one hole conductor in the valance band for every electron 
conductor in the conduction band. 
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ρ = 3.3 x 10-8 Ωm.  15 mm = d.  I = 25A.  B = 0.95 Tesla. V = -2.4 x 10-7 V 
 
RH = Vd/IB = -2.4 x 10-7 V * 0.015 m/(25A 0.95 Tesla) = -1.52 x 10-10 Ωm/Tesla 
µe = |RH| σ = 1.52 x 10-10/3.3 x 10-8 Ωm = 0.0046 Tesla-1=0.0046 m2/(Vs) 
σ = 1/ρ  
n = 1/(RH e) = 1/(1.52 x 10-10 Ωm /(Tesla) 1.602 x 10-19 Coulomb per electron) = 4.11 x 1028 
electrons Tesla/(Coulomb Ωm) = 4.11 x 1028  electrons (V s/m2)/((A s) (Ωm)) = 4.11 x 1028  
electrons (V s/m2)/(V s m) = 4.11 x 1028 electrons/m3 
 

 
 
At the interface where p and n meet there is a flux of electrons from n to p that leads to a 
negative charge on the p side and a positive charge on the n side.  Forward bias from p to n 
drives electrons to the positive layer of the n doped layer which has a low or no barrier.  The 
reverse process (reverse bias) drives electrons from n to the negatively charged p interfacial layer 
so there is a barrier to this and the current will not flow until a breakdown voltage is reached. 
 
This situation leads to rectification of an AC current since only the forward bias part of the 
alternating voltage is allowed to pass through the diode.  This is shown in the figure below. 

 
 

 
A transistor can function as a switch or as an amplifier. 
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Amplifier: 

 

 
A bipolar junction transistor is controlled by a small current.  The current is amplified in the 
transistor.  This is more amenable for use as an amplifier though it can be used as a switch.  A 
MOSFET is controlled by a small voltage (typically ± 5 V) so that it is more amenable for use as 
a digital switch but it can be used to amplify a voltage signal. 
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Since the plot is linear we can assume that the second term in the last equality is small for this 
range of temperature.  1/T ~ 0.63 x 10-2 K-1 at s = 100/ohm cm. 1/T ~ 0.8 x 10-2 K-1 at s = 1 
/ohm cm.  So the slope is (ln100-ln1)/(0.63 – 0.8) x 10-2 K = -2700 K 
Eg = 2*8.62 e-5 eV/K*2700 = 0.47 eV.   
(There seems to be a problem with the units in this but the end result is in the correct range.) 
 
1) Define the Drude Model, Quantum Mechanics Model, Density of States, Fermi Energy, 

Extrinsic Semiconductor, Intrinsic Semiconductor, Indirect Band Gap Semiconductor, 
Direct Band Gap Semiconductor, Homo-Junction, Hetero-Junction. 

 
Drude Model describes conduction in a metal and the decrease in conductivity with temperature 

due to increase in the motion of the electrons in the lattice and the increased collision 
frequency with defects and atoms.  The Drude Model is a classical model in that it does 
not depend on quantum mechanics. 

 
 
The quantum mechanics model is needed to describe conduction in semiconductors and 

describes conduction in metals according to a conduction band as discussed above.  
Conductivity in a metal is proportional to the number of Fermi level electrons in the 
quantum mechanics model. 

 
The density of states describes the distribution of electrons in energy states within a band, 

particularly the valance band.  The highest energy electrons in this distribution are in the 
Fermi level. 

 
An intrinsic semiconductor is an undoped semiconductor that shows an exponential increase in 

conductivity with temperature as Fermi level electrons are thermally excited to the 
conduction band. 

 
Extrinsic semiconductors are doped semiconductors where the conductivity depends on the level 

of doping and not on the temperature. 
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An indirect band gap semi conductor is a semiconductor that requires phonons (lattice vibrations 

with the generation of heat) to transfer an electron from the valance band to the 
conduction band.  A direct band gap semiconductor does not involve a phonon in this 
transfer so the energy is given off as light rather than heat.  LEDs and Laser Diodes 
require direct band gap semiconductors such as GaAs or CdTe and can not be made with 
indirect band gap semiconductors such as Si or Ge. 

 
 
A homojunction is a junction with a single band gap between the two materials such as a pn 

junction in Si or Ge.  A heterojunction involves two different band gaps in the two 
materials such as in nanoparticles that are joined in crystallization.  Heterojunctions can 
be tuned to enhance the interfacial region where charge transfer occurs in a diode. 

 
2) How does a Laser Diode function? 
You need a direct band gap material so that the electrical energy can be directly converted to a 

photon rather than being mediated by a phonon.  The laser diode functions similar to an 
LED except that the laser has an optical cavity with mirrors on the ends and a wave guide 
between so that the emitted photons can excite more emission at the same wavelength, 
phase and direction.  This optical emission is called lasing.   
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