Today’s objectives-Electrical Conduction

1. What are the forms of Ohm’s law?

2. What are conductance and resistance and some standard values for
materials?

3. Know the equation which accounts for scattering.

4. Describe the contribution of thermal vibrations, atomic defects, and more
macroscopic defects on resistivity/conductivity?

5. How do available electron energy states vary for atoms, molecules, large
molecules, and solids?

Sketch a simple metallic band diagram.
Draw a band diagrams for a metal, including E..

How is conductivity described based on a metal band diagram?
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How does conductivity change as a function of temperature for metals?

Reading for today

Semiconductors and Integrated Circuits

Chapter sections: 18.1-9



Voltages and Electric Fields

* An electric field exists whenever there is a voltage
difference between two points.
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Often, we consider the positive bias
to simply be at 'V’ and the negative
pole to be at 0 Volts, or ground.




Ohm’s Law (V=IR)

e Voltage source, current @
meter, resistor.

 Note: current is measured -+ —
In Amperes (Coul/sec). —

Specimen (R)
Coulombs,  1le 8
Amps= =6.25:10" e/
P second 1.6*10%°C second

Energy ,

/7~




V distribution not always uniform (surge protector)

- &
POt %

Epoxy as
/ strain relief

Polycrystalline Oxide .
Silver print yery Alumina

connecting Substrate
leads and wires

Surface Potentl

=-1V V,,~=+1V

ext ext




Resistivity ( ) instead of Resistance (V=IR)

R depends on specimen shape—but we need a term that
IS iIndependent of geometry.
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Other geometry independent relationships.

1 L
«Conductivity is 1/resistivity © =~ A
*Electric field (Volts/meter) -V _1_
. I
«Current density (Amps/m?) L A J :K
 Rewriting Ohm’s law (V=IR) using vV=IR
these terms yields a second, more 5 _ = _ E
materials friendly version: r
General rules
Conductivity is largest for metals & smallest for i nsulators.

Resistivity is smallest for metals and largest for iInsulators.




EX: CONDUCTIVITY PROBLEM
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CONDUCTIVITY: COMPARISON
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purity.) It is customary in engineering to use the centimeter as unit of length rather
than the meter. We follow this practice.

insulator | Semi- metal good metal
conductor
1E-20 1E-07 1E+03 1E+06
atom 1/2 mile Pluto’s orbital | way out there
diameter

Remember that Resistivity is the inverse =1/conduct ivity, and is
thus huge for insulators and very small for conduct ors.



Reasons for resistivity/conductivity

 Why does resistivity vary from one material to the next?
— Electronic Structure (metallic, semiconducting, insulating)

— Scattering Events
« (inversely related to ‘ )
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n=number of electrons per volume
e=charge on electron (or hole)

=mobility of electrons in a given
material

Note that by convention, electrons
move opposite to the field direction.



Scattering: origin of resistivity/conductivity

 Primary Scattering Events
1. Thermal defects (k,T at room temperature is about 25 meV).
2. Atomic Defects (vacancies, impurities/dopants)
3. 2d and/or 3d defects (grain boundaries, particles, dislocations)

« Oxygen free high conductivity copper is usually employed when very low resistivity
IS required.

Al is an adequate substitute.

*Ag or Au are great, but too expensive.



Resistivity Components
Itotal = /thermal T fimpurity * /' 2483d



What about electronic structure

 To understand the electronic structure of a material, we
have to consider several steps of increasing complication:
1. Atoms
2. Molecules

3. Crystals
a. Metals



Electrons in atoms

« Electrons in an atom have particular energies (quantized
enerqy states ) depending on which orbital they are In.
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Electrons in molecules
« Once atoms approach each other, attractive (bonding,
lower energy) and repulsive (antibonding, higher
energy) electron states develop.
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Electrons in large molecules

* More electrons = more bonding and antibonding orbitals.
— Different molecules have distinct energies between them.
* As the number of atoms in a molecule increases, so does the number of
allowable energy states.
— If each is the same atom, the energy for each initial orbital is the same.

— Therefore, the energy separation between the bonding and antibonding
orbitals necessarily gets very small.

12 atoms getting closer and closer together to
form a big molecule / small solid.



Electrons In solids

* In a solid, there are so many electrons with energies very
near each other that ‘bands’ of states develop.

Solid |Isolated atoms

All we draw is the
“band diagram”



Energy band structures

e Partially filled or empty
bands are called
‘conduction bands.’

 Any band that is totally
filled is considered to be
a “valence band.”

— We usually ignore ‘deep’
valence bands.

A
Energy

(conduction)

Band gap

partially
filled 4s
(conduction)

Filled 3d (valence)
Band gap

B filled 3d, 3p, 3s, 2p,

I \23, 1p, 1s (valence)

Metal (Cu) k Deep  valence-
only an issue for

optical properties



 An important concept in
electronic properties is
the “Fermi level,” E;

— Essentially the highest
energy ground-state
electron

e Separates conduction
and valence electron
activity

— Sometimes within a band

— Sometimes between
bands

— Sometimes in a gap
between bands

A
Energy

Band gap

Fermi
level

Metal (Cu)

Empty 4p
(conduction)

partially
filled 4s
(conduction)



Metals are
materials where
the:

— conduction band
is partially filled
(valence band is
totally filled).

Types of metals

A
Energy Empty 4p
conduction)

Band gap

partially

Ey, filled 4s
Fermi conduction)

level
Band gap
B illed

s 3d, 3p, 3s,
2p, 2s, 1p,

1s (valence)
Metal (Cu)

conducting



Or, metals can
have the:

— valence band is
filled, and
conduction band
IS empty, but
there is little if
any gap in
between (really
a ‘'semimetal’).

Types of metals

4
Energy

Little or no Band gap

Empty 3s
conduction)

Band gap

Empty
2p
conduction)

E

Filled
s (valence)

Band gap

Filled 1p, 1s
(deep valence)
semimetal (Bi)

conducting



New MSE course designed for you

Experiments for Materials Outreach: MSE 4095, secti on 2

Organizer: Bryan Huey
Instructors: most MSE faculty

Optional, 1 unit, pass/fail course
Appropriate for students at all levels.

The class, with many hands-on activities, will introduce basic materials
concepts through hands-on demonstrations, providing:

a) insight into real materials applications;
b) background useful in MS&E courses;

c) the training necessary to assist in many outreach activities
provided by MS&E students and faculty throughout the year,;

d) a chance to play with and improve upon the demos.

The course is applicable for elective credits, fulfilling a graduation
requirement if coupled with 2 other units (e.g. labwork in various faculty
research labs).

NOTE: The course will meet weekly from 1-2pm on Mondays.
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SUMMARY

. What are the forms of Ohm’s law?

. What are conductance and resistance and some standard values for

materials?

. Know the equation which accounts for scattering.

Describe the contribution of thermal vibrations, atomic defects, and
more macroscopic defects on resistivity/conductivity?

How do available electron energy states vary for atoms, molecules,
large molecules, and solids?

Sketch a simple metallic band diagram.
Draw a band diagrams for a metal, including E;.
How is conductivity described based on a metal band diagram?

How does conductivity change as a function of temperature for metals?



