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This Week
1a-INTRO-a & 1b-INTRO-b: Introduction to the Course

motivation, boiler plate (syllabus/labs)
Fermi questions, exercises

2-ERRORS: Errors and Uncertainties
accuracy, precision, round off, propagation of errors

3-OPTICS: Optical Properties
EM spectrum, photo detectors, light emitters

4-SEMICOND: Semiconductors
band gap, Fermi energy, resistivity, Hall effect 

5-ACOUSTICS:
sound, beats, Fourier transform, music

6-EXPERIMENTS: Intro to Lab Experiments
Virtual tour my research lab



Semiconductors and Optoelectronics

Where would we be today
without semiconductor electronics?

Communications


Then and Now
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Recordings   

Information   
4.5B web
pages



Semiconductors and Optoelectronics

Brief History of Semiconductors

1833: First Semiconductor Effect is Recorded 
Michael Faraday describes the "extraordinary 
case" of his discovery of electrical conduction 
increasing with temperature in silver sulfide 

crystals, opposite to that observed in copper. 
  
1901: Semiconductor Rectifiers Patented as 
"Cat's Whisker" Detectors 
Radio pioneer Jagadis Chandra Bose patents 
the use of a semiconductor crystal rectifier for 

detecting radio waves. 
  

1926: Field Effect Semiconductor Device 
Concepts Patented 
Julius Lilienfeld files a patent describing a 
three-electrode amplifying device based on 

the semiconducting properties of copper sulfide. 
Attempts to build such a device continue through the 
1930s. 

1931: "The Theory Of Electronic Semi-Conductors" is 
Published 
Alan Wilson uses quantum mechanics to explain basic 
semiconductor properties, and later by Boris Davydov 

(USSR), Nevill Mott (UK), and Walter Schottky (Germany). 
 
1931: “One shouldn’t work on semiconductors, that is a 
filthy mess; who knows if they really exist!” -- Wolfgang 
Pauli 
 
 

  
 

 
1952: Bell Labs Licenses Transistor Technology 
Bell Labs technology symposia and licensing of transistor 
patents encourages semiconductor development. 
  
  
1953: Transistorized Computers Emerge 
A transistorized computer prototype demonstrates the 
small size and low-power advantages of semiconductors 
compared to vacuum tubes. 

 
1958: All semiconductor "Solid Circuit" is demonstrated 
Jack Kilby produces a microcircuit with both active and 
passive components fabricated from semiconductor 
material. 

 
2014: iPhone 6    (A8), 2-billion transistors. 
2017: iPhone 8   (A11), 4-billion transistors 
2018: iPhone XS (A12), 6.9-billion transistors 
2021: iPhone 13 (A13), 8.5-billion transistors 
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[image: http://www.computerhistory.org/semiconductor/assets/img/85x85/1833_1_1.jpg]1833: First Semiconductor Effect is Recorded
Michael Faraday describes the "extraordinary case" of his discovery of electrical conduction increasing with temperature in silver sulfide crystals, opposite to that observed in copper.

 

[image: http://www.computerhistory.org/semiconductor/assets/img/85x85/1901_1_1.jpg]1901: Semiconductor Rectifiers Patented as "Cat's Whisker" Detectors
Radio pioneer Jagadis Chandra Bose patents the use of a semiconductor crystal rectifier for detecting radio waves.

 

[image: http://www.computerhistory.org/semiconductor/assets/img/85x85/1926_1_1.jpg]1926: Field Effect Semiconductor Device Concepts Patented
Julius Lilienfeld files a patent describing a three-electrode amplifying device based on the semiconducting properties of copper sulfide. Attempts to build such a device continue through the 1930s.
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[image: http://www.computerhistory.org/semiconductor/assets/img/85x85/1931_1_1.jpg]1931: "The Theory Of Electronic Semi-Conductors" is Published
Alan Wilson uses quantum mechanics to explain basic semiconductor properties, and later by Boris Davydov (USSR), Nevill Mott (UK), and Walter Schottky (Germany).



[image: http://upload.wikimedia.org/wikipedia/commons/4/43/Wolfgang_Pauli_young.jpg]1931: “One shouldn’t work on semiconductors, that is a filthy mess; who knows if they really exist!” -- Wolfgang Pauli
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[image: http://www.computerhistory.org/semiconductor/assets/img/85x85/1952_1_1.jpg]1952: Bell Labs Licenses Transistor Technology
Bell Labs technology symposia and licensing of transistor patents encourages semiconductor development.

 

 

[image: http://www.computerhistory.org/semiconductor/assets/img/85x85/1953_1_1.jpg]1953: Transistorized Computers Emerge
A transistorized computer prototype demonstrates the small size and low-power advantages of semiconductors compared to vacuum tubes.



[image: http://www.computerhistory.org/semiconductor/assets/img/85x85/1958_3_2.jpg]1958: All semiconductor "Solid Circuit" is demonstrated
Jack Kilby produces a microcircuit with both active and passive components fabricated from semiconductor material.



[image: https://encrypted-tbn2.gstatic.com/images?q=tbn:ANd9GcS8Gsg3hKG-ECqri-RiyoBFjPb99ZYvZYYo0SAgxlC0GvBY3IVz]2014: iPhone 6    (A8), 2-billion transistors.

2017: iPhone 8   (A11), 4-billion transistors

2018: iPhone XS (A12), 6.9-billion transistors

2021: iPhone 13 (A13), 8.5-billion transistors
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 Semiconductors
Si, GaAs, crystal structure

 Hall Effect
resistivity, electron density

 Spectral Response
semiconductor band, bandgap

 Light Detectors/Emitters
Si, AlGaAs, LED, Laser Diode (LD)

 Band Structure

Material Resistance
Insulator

(glass, ceramic) Very high

Semiconductor
(Si, GaAs, InN)

medium
adjustable

Metal
(Al, Cu) low

Labs with Semiconductors

Electronics - all
Photocell - RUBY, FUEL, SOL, FR
Laser - RUBY, SOL, FR

Semiconductors and Optoelectronics
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Types of Semiconductors
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II III IV V VI

B C N O

Al Si P S

Zn Ga Ge As Se

Cd In Sn Sb Te

Hg

Si IV    - all of our electronics
InGaAs III-V  - high frequency
AlGaAs III-V  - red LED
InGaN III-V  - blue LED

Silicon
“diamond structure”

but not carbon

GaAs
“zincblende structure”

Periodic Table
of

Semiconductors



Concept of a Semiconductor

       metal
metallic crystal
      Al, Cu

  insulator
ionic crystal
    Na-Cl

 semiconductor
colavlent crystal
    Si, GaAs

Overlap of Valence Electron Orbits
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Filled shells Overlapping orbits



Electrical Properties - Semiconductors 

Property Designation Units

Resistivity ρ Ωcm

Conductivity σ = 1/ρ 1/Ωcm

Carrier type
(electron, hole) n or   p

Carrier Density n or   p #/cm3

Mobility μ cm2/Vs

relations σ = neμ
ρ = 1/neμ

Example:
Phosphorus-Doped Silicon

n = 1016 e/cm3

μ = 1450 cm2/Vs

ρ=1/neμ
=1/(1016

*1.6х10-19
*1450)

ρ = 0.4 Ωcm

Resistivity – ρ
Conductivity – σ = 1/ρ

Carrier Density – n or p
Mobility – μ
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Semiconductors can be doped with impurities to 
generate a density of free carriers (electrons or holes).

This leads to adjustable “resistivity.”

Resistivity

Resistivity ρ or a wire
“intrinsic or material property”

independent of the amount of stuff

Resistance of wire R = ρ L/A

L

A
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Resistivity ρ of Silicon
Resistance of silicon

R = V/I = ρ L/A
A = width x thickness

L = length between inner contacts

width

length



VH = (1/ne) BI/t

VH – Hall voltage
I – current
B – magnetic field
t – thickness

n = density of electrons
n = BI/etVH

Hall effect is used to
measure the density of the carriers, n

Hall Effect
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( )F v Be= ×

Force on an electron

moving in a magnetic field

Carrier “Type”
Electrons or Holes

from the polarity of VH



Combine results from resistance and 
Hall measurements

Carrier Density, Type and Mobility
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Values for the Silicon Wafer

Resistivity ρ
comes from measuring the resistance

Carrier Density n
comes from measuring the Hall effect

Combining ρ and n
gives a value

for the mobility of carriers μ 
using ρ = 1/neμ

Silicon Wafer

Resistivity ρ
From the resistance

Carrier Density n
From the Hall effect



Summary of Hall experiment

Carrier Density, Type and Mobility
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Obtain Measured Values for

Resistivity ρ
Carrier Density n
Carrier type (electrons or holes)
Carrier mobility μ
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Difference in R(T) for  metals and semiconductors
from ρ = 1/neμ, and R=ρL/A

In  Semiconductors
the carrier density n increases, so R decreases

In Metals
the carrier mobility μ decreases, so R increases



 What is an    Energy Band?

 What is a      Bandgap?

 What is the  Fermi Energy?

What is          Band Dispersion?

Semiconductor Properties
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Semiconductor Energy “Bands”

Why do they call the energy states “bands”?

The more atoms you have with overlapping electron orbitals, 
the larger the number of accessible energy states.

With a very large number of atoms (~1020)
you have a continuum of states, hence “bands.”

For more details, check out
Energy Bands and Semiconductors 22:01
Electron Band Structure 10:00
Intro to SC bands 12:14 13

https://www.youtube.com/watch?v=KYYWZhsgVPc
https://www.youtube.com/watch?v=7b7M3ph_XyQ
http://www.youtube.com/watch?v=y_GZn4o8gaE


Conduction and Valence “Bands”

In all materials, the bands associated with the bonding electrons are characterized
in basically two groups. The conduction band lies above the valence band and
these bands are separated by the “bandgap” (forbidden energy gap).

In insulators and pure semiconductors the valence band is full of electrons and
conduction band is empty of electrons. Thus, these materials do not conduct
electricity unless an electron in the valence band can be raised up into the
conduction band. This can be done by several means, such as absorbing energy in
the form of light, by an applied voltage, and by impurity doping.
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Material Eg (eV) λ (μm)
HgCdTe 0.12 eV 10.6  IR
InSb 0.25 5

Ge 0.7 1.1 near-IR

Si 1.12 1.1
GaAs 1.42 0.9

GaP 2.3 0.5 green

ZnSe 2.8 0.44
GaN 3.4 0.36  UV

The semiconductor bandgap energy
is measured in electron volts (eV).

Semiconductor “Bandgap”
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Light Detectors and Emitters

Light in – Current out
The free electron is available 

to provide a current

Current in – Light out
Current excites an electron

Photon is emitted as electron 
falls back down
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conduction band

valence band

Light Detector
(photovoltaic)

  photon
absorbed

electron
excited

conduction band

valence band

Light Emitter
  (LED, LD)

photon
emitted

current excites
electron, then
deexcites

Optical band gaps and absorption 5:20-7:00

https://www.youtube.com/watch?v=2AgfpjFd5fs


First publication about a
pn-junction solar cell

D. M. Chapin. C.S. Fuller, and G.L. Pearson
Bell Telephone Laboratories, Murray Hill, NJ

Journal of Applied Physics, 1954

Light Detectors – Solar Cell
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LED – Light Emitting Diode

Emitted Wavelength –
The photon energy is approximately equal to the 
“bandgap” of the semiconductor.

ℏω = hc/λ ≈ Eg
E(eV) = 1.2395130 / λ(μm)

Forward-biased pn-junction diode produces light of 
nearly a single wavelength, with a width Δλ ~ 30-40 nm.

Change wavelength of LED by alloying 
semiconductors,

such as  GaAs + GaP GaAs1-xPx
or           InN + GaN  In1-xGaxN

Example: GaAs1-xPx (IR to green)
Eg = EgGaAs + x(EgGaP - EgGaAs)

EgGaAs = 1.42 eV
EgGaP = 2.26 eV

Eg (eV) = 1.42 + 0.84x

Solid State Light Sources
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The simplest explanation of the Fermi energy (Ef) is the following. Electrons
fill up all the available band states only below the Ef, whereas all the
available band states above Ef are empty. Thus, to get electrons to
conduct, they must rise up in energy to cross the
Fermi energy - All materials have a bandgap (insulators, semiconductors, 
metals), but the conduction depends on the energy of the Fermi level.

Fermi Energy

Insulator
EF in middle of large bandgap

Semiconductor
EF inside of small bandgap or

can be moved into the
conduction or valence bands

Metal
EF is in conduction/valence band
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Band “Dispersion”

Electrons in the bands near the 
cb minima and vb maxima have 
parabolic energy dispersion.

Ecb = ½ mv2 = p2/2m = ħ2k2/2m
(note that momentum p=mv=ħk)

E ~ k2
EG
bandgap

valence
  band

conduction
    band

Wavevector k

Ba
nd

 E
ne

rg
y 

E
k is the wavevector, or
the crystal momentum

p = mv = ħk
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Silicon Band Structure

Materials have complex band 
dispersions

There are many bands in a crystal, 
which depend on the direction in the 
crystal.

The direction refers to the direction of 
the k-vector, or simply the direction 
that the electron is moving. An electron 
can move in any direction, and the 
various Greek letters (Γ,Δ,Χ Λ Σ) refer to 
going along certain crystallographic 
directions, such as a cube edge 
direction or a diagonal direction on one 
of the cube faces.

Band dispersion in silicon

Note that the band gap is 
“indirect” (not vertical).

^
k=0
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Dirac Dispersion

Graphene and Topological
materials have a “Dirac” dispersion

E ~ k (linear in k)

They thus have relativistic dispersion.

Electron dispersions are not
one dimensional,

they can be 2 or 3-dimensional
(have kx and ky, etc.)
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Semiconductors
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This Week
1a-INTRO-a & 1b-INTRO-b: Introduction to the Course

motivation, boiler plate (syllabus/labs)
Fermi questions, exercises

2-ERRORS: Errors and Uncertainties
accuracy, precision, round off, propagation of errors

3-OPTICS: Optical Properties
EM spectrum, photo detectors, light emitters

4-SEMICOND: Semiconductors
band gap, Fermi energy, resistivity, Hall effect 

5-ACOUSTICS:
sound, beats, Fourier transform, music

6-EXPERIMENTS: Intro to Lab Experiments
Virtual tour my research lab

END



Semiconductors
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Extra Info on Doping



Group IV semiconductors

Group IV semiconductors
Si, Ge

• have 4 valence electrons
• tetrahedral coordination
• pairs of bonding (valence) electrons



Concept of Doping

Doping
allows you to add
mobile charges

Doping - Add a small 
concentration of another 
type of atom (impurity)

II III IV V VI

B C N O

Al Si P S

Zn Ga Ge As Se

Cd In Sn Sb Te

Hg

Dope Si with an Sb atom
Substitute a Si atom with Sb

Replace the 4 valence electrons of Si (group-IV)
with

the 5 valence electrons of Sb (group-V)

26

Electronics - PHYS 2371/2



Concept of a Hole

Hole
 positive charge
 missing electron

Holes are Mobile (Itinerant)

Analogy to bubbles

A hole in a liquid is a bubble
or simply missing liquid.

The bubble (hole) moves
as liquid moves into

the area that is left behind.

27

The basis for all semiconductor devices
relies on the ability to make them
with an excess electrons or holes.

Electronics - PHYS 2371/2



Doping Electrons or Holes

(1) Donor Impurity
Donates mobile electrons,

n-type conductivity

(2) Acceptor Impurity
Donates mobile holes,

p-type conductivity

II III IV V VI

B C N O

Al Si P S

Zn Ga Ge As Se

Cd In Sn Sb Te

Hg

Doping in Silicon
• n-type, donor, add group-V (P, As,Sb)

- has one extra electron

• p-type, acceptor, add group-III (B,Al,Ga,In)
- has one less electron
- leaves a hole behind

Use doping to make
pn-junction diodes

for
LEDs, Lasers, Solar Cells

Note that doping leaves the semiconductor neutral
n-doping = electron plus positively charged atom
p-doping = hole plus a negatively charged atom

Semiconductors are doped with impurities 
(other atoms)

to generate a density or concentration
of free carriers (electrons or holes).
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Electronics - PHYS 2371/2
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