Chapter 18
**Electrical Conduction**

18.2 Ohm’s Law(the applied voltage is equal to the product of the current and resistance; equivalently, the current density is equal to the product of the conductivity and electric field density.

A. V = IR

V = voltage (volts (J/C))

I = current (amperes (C/s))

R = resistance (ohms (V/A))

B.
Resistivity(the reciprocal of electrical conductivity, and a measure of a material’s resistance to the passage of electric current.


ρ = RA/l
(Ω-m)


ρ = resistivity


R = Resistance


A = cross sectional area perpendicular to the direction of the current


l = distance between the two points at which the voltage is measured

C.
ρ = VA/Il
18.3 Electrical Conductivity(the proportionality constant between current density and applied electric field; also a measure of the ease with which a material is capable of conducting an electric current.

A.
σ = 1/ ρ
(Ω-m)-1
B.
Other equations related to ohm’s law


1.
J = σε



J = current density



σ = conductivity



ε = electric field density


2.
ε = V/l 

C.
Conductors


1.
Metals

D.
Insulator( a nonmetallic material that has a filled valence band at 0 K and a relatively wide energy band gap.

1.
The room-temperature electrical conductivity is very low, less than about 10-10.

E.
Semiconductor( a nonmetallic material that has a filled valence band at 0 kelvin and a relatively narrow energy band gap.


1.
The room temperature electrical conductivity ranges between about 10-6 and 104.

18.4
Electrical and Ionic Conduction
A.
An electric current results from the motion of electrically charged particles in response to forces that act on them from an externally applied electric field.



1.
Positively charged particles are accelerated in the field direction.

2.
Negatively charged particles flow in the direction opposite of the field.


B.
Electronic conduction( flow of electrons

C.
Ionic Conduction(for ionic materials a net motion of charged ions is possible that produces a current.

18.5
Energy Band Structures in Solids
A.
The number of electrons available for electrical conduction in a particular material is related to the arrangement of electron states or levels with respect to energy, and then the manner in which theses states are occupied the electrons.

B.
Fermi Energy (Ef)(for a metal, the energy corresponding to the highest filled electron state at 0 K.

C.
Valence Band(for solid materials, the electron energy band that contains the valence electrons.

D.
Conduction Band(for electrical insulators and semiconductors, the lowest lying electron energy band that is empty of electrons at 0 K. Conduction electrons are those that have been excited to states within this band.

E.
Energy Band Gap(a series of electron energy states that are very closely spaced with respect to energy.
1.
Wide gap for insulators


2.
Narrow gap for semiconductors


3.
Fermi energy lies near the center of the gap.

18.6
Conduction in Terms of Band and Atomic Bonding Models
1.
Free Electron(an electron that has been excited into an energy state above the Fermi energy (or into the conduction band for semiconductors and insulators) and may participate in the electrical conduction process.

2.
Hole(for semiconductors and insulators, a vacant electron state in the valence band that behaves as a positive charge carrier in an electric field.


A.
Metals
1.
For an electron to become free, it must be excited or promoted into one of the empty and available energy states above Ef.

2.
Generally, the energy provided by an electric field is sufficient to excite large numbers of electrons into the conducting states.


B.
Insulators and Semiconductors
1.
For insulators and semiconductors, empty states adjacent to the top of the filled valence band are not available.

a.
To become free, therefore, electrons must be promoted across the energy band gap and into empty states at the bottom of the conduction band.

b.
Possible to become free by supplying to an electron the difference in energy between the two states, which is approximately equal to the band gap energy Eg.

c.
The band gap is normally several electron volts wide.

d.
Most often the excitation energy is from a nonelectrical source such as heat or light.

2.
The number of electrons excited thermally (by heat energy) into the conduction band depends on the energy band gap width as well as temperature.

a.
The larger the band gap, the lower is the electrical conductivity at a given temperature.

b.
Wide band gap for insulators.

c.
Narrow band gap for semiconductors.

3.
Increasing the temperature of either a semiconductor or an insulator results in an increase in the thermal energy that is available for electron excitation.

a.
More electrons are promoted into the conduction band, which gives rise to an enhanced conductivity.

4.
For electrically insulating materials, interatomic bonding is ionic or strongly covalent.

a.
The valence electrons are tightly bound to or shared with the individual atoms.

b.
The electrons are highly localized and are not in any sense free to wander throughout the crystal.

5.
The bonding in semiconductors is covalent (predominately covalent) and relatively weak, which means that the valence electrons are not as strongly bound to the atoms.

a.
The electrons are more easily removed by thermal excitation than they are for insulators.

18.7 Electron Mobility
A. Drift Velocity( the average electron velocity in the direction of the force imposed by the applied field.

(d = (e(
B. Mobility(the proportionality constant between the carrier drift velocity and applied electric field; also, a measure of the ease of charge carrier motion.  (m2/V-s)

C. Conductivity

( = n|e|(





n = number of free electrons






|e| = 1.6 x 10-19C

18.8 Electrical Resistivity of Metals
1. Metals have high conductivities because of the large numbers of free electrons that have been excited into empty states above the Fermi energy.

2. Increasing crystalline defects raises the resistivity (or lowers the conductivity).

a. The concentration of the imperfections depends on temperature, composition, and the degree of wold work of a metal specimen.

b. The total resistivity of a metal is the sum of the contributions from thermal vibrations, impurities, and plastic deformation.

c. Matthiessen’s Rule(the total electrical resistivity of a metal is equal to the sum of temperature-, impurity-, and cold work-dependent contributions.

(total = (t + (i + (d
A. Influence of Temperature

(t = (0 + aT





(0 and a are constants for each particular metal.

B. Influence of Impurities
(i  = Aci (1 – ci)





(i =  impurity resistivity





ci  =  impurity concentration





A = composition-independent constant

(i = ((V( + ((V(




V = volume fraction

C. Influence of Plastic Deformation
1. Plastic deformation raises the electrical resistivity as a result of increased numbers of electron-scattering dislocations.

18.9
Electrical Characteristics of Commercial Alloys

A. Silver, aluminum and copper are commonly used as conductors, but copper and aluminum are used most because of cost.

B. Both solid solution alloying and cold working improve strength at the expense of conductivity.

C. Strength is enhanced by introducing a second phase that does not have so adverse an effect on conductivity.

**Semiconductivity**
A. Intrinsic Semiconductor(a semiconductor material for which the electrical behavior is characteristic of the pure metal.

1. Electrical conductivity depends only on temperature and the band gap energy.

B. Extrinsic Semiconductor(a semiconducting material for which the electrical behavior is determined by impurities.

18.10
Intrinsic Semiconduction
1. Characterized at 0 K with a completely filled valence band, separated from an empty conduction band by a relatively narrow forbidden band gap, generally less than 2 eV.

A. Concept of a Hole
1. For every electron excited into the conduction band there is left behind a missing electron in one of the covalent bonds, or in the band scheme, a vacant electron state in the valence band.

2. Hole( a positively charges vacant area left behind by an excited electron. Charge equals +1.6 x 10-19C

3. In the presence of an electric field, excited electrons and holes move in opposite directions.

4. Both electrons and holes are scattered by lattice imperfections.

B. Intrinsic Conductivity
( = n|e|(e + p|e|(h
p = number of holes per cubic meter

(h = hole mobility

1. For semiconductors

(h < (e
2. every electron promoted across the band gap leaves behind a hole in the valence band.

n = p = ni
ni =  intrinsic carrier concentration





( = ni |e|((e + (h)

18.11
Extrinsic Semiconduction
A. n-Type Extrinsic Semiconduction
1. Donor( an electron donated to the conduction band.

a. Since each donor electron is excited from an impurity level, no corresponding hole is created within the valence band.

2. Donor State (Donor Level)( for a semiconductor or insulator, an energy level lying within yet near the top of the energy band gap, and from which electrons may be excited into the conduction band.

a. It is normally introduced by an impurity atom.

3. At room temperature, the thermal energy available is sufficient to excite large numbers of electrons from donor states.

4. Some intrinsic valence-conduction band transitions occur, but to a negligible degree.

5. The number of electrons in the conduction band far exceeds the number of holes in the balance band (n>>p)

( ( n|e|(e
6. Carriers

a. Majority Carriers( electrons

b. Minority Carriers( holes

7. The Fermi level is shifted upward in the band gap, to within the vicinity of the donor state.

a. Its exact position is a function of both temperature and donor concentration.

B. p-Type Extrinsic Semicondution
1. One of the covalent bonds around each of the atoms is deficient in an electron

a. The deficiency may be viewed as a hole that is weakly bound to the impurity atom.

b. The hole may be liberated from the impurity atom by the transfer of an electron from an adjacent bond.

i. The electron and the hole exchange positions.

ii. A moving hole is considered to be in an excited state and participates in the conduction process.

2. Acceptor State (Acceptor Level)( for a semiconductor or insulator, an energy level lying within yet near the bottom of the energy band gap, which may accept electrons from the valence band leaving behind holes.

a. The level is normally introduced by an impurity atom.

b. A hole is imagined to be created in the valence band by the thermal excitation of an electron from the valence band into the impurity electron state.

c. A free electron is not created in either the impurity level or the conduction band.

3. Holes are present in much higher concentrations than electrons. (p>>n)

4. Positively charges particles are primarily responsible for electrical conduction.

( ( n|e|(h
5. The Fermi level is positioned within the band gap and near to the acceptor level.

C. Extrinsic semiconductors are produced from materials that are initially of extremely high purity, commonly having total impurity contents on the order of 10-7 at%.

1. Doping(the intentional alloying of semiconducting materials with controlled concentrations of donor or acceptor impurities.

D. Large numbers or charge carriers are created at room temperature, by the available thermal energy.

1. Relatively high room-temperature electrical conductivities are obtained in extrinsic semiconductors.

a. Most of these materials are designed for use in electronic devices to be operated at ambient conditions.

18.12
The Temperature Dependence of Carrier Concentration
A. For intrinsic carrier concentrations, the concentrations of electrons and holes increase with temperature because, with rising temperature, more thermal energy is available to excite electrons from the valence to the conduction band.

B. Extrinsic Temperature Region

1. Electron concentration is constant.

2. The range of temperatures over which the extrinsic region exists will depend on impurity concentration.

C. Freeze Out Temperature Region

1. The thermal energy is insufficient to excite electrons from the P donor level into the conduction band.

2. Charged carriers are “frozen” to the dopant atoms.

18.13
Factors That Affect Carrier Mobility
A. Influence of Dopant Content
1. Mobilities decrease with increasing impurity content.

2. The mobility of electrons is always larger than the mobility of holes.

B. Influence of Temperature
1. Electron and hole mobilities decrease in magnitude with rising temperature.

a. Due to enhanced thermal scattering of the carriers.

b. Mobility decreases with increasing dopant levels.

18.15 Semiconductor Devices

1. The unique electrical properties of semiconductors permit their use in devices to perform specified electronic functions.

2. Advantages of semiconductor devices (solid-state devices) include small size, low power consumption, and no warmup time.

A. The p-n Rectifying Junction
1. Diode(an electric current device that rectifies an electrical current, it allows current flow in one direction only.

a. It can transform alternating current into direct current.

2. Rectifying Junction( a semiconductor p-n junction that is conductive for a current flow in one direction and highly resistive for the opposite direction.

a. The junction is constructed from a single piece of semiconductor that is doped so as to be n-type on one side and p-type on the other.

b. If  pieces of  n- and p-type materials are joined together, a poor rectifier results, since the presence of a surface between the two sections renders the device very inefficient.

c. Single crystals of semiconducting materials must be used in al devices because electronic phenomena that are deleterious to operation occur at grain boundaries.

3. Before the application of any potential across the p-n specimen, holes will be the dominant carriers on the p-side, and electrons will predominate the n-region.

a. An external electric potential may be established across a p-n junction with two different polarities.

b. Forward Bias( the positive terminal is connected to the p-side and the negative terminal to the n-side.

i. Electron flow is to the n-side of the junction.

ii. The holes on the p-side and the electrons on the n-
side are attracted to the junction.

iii. As electrons and holes encounter one another near 
the junction, they continuously recombine and 
annihilate one another.

Electron + Hole = Energy

c. Reverse Bias( the negative terminal is connected to the p-side and the positive terminal to the n-side.
i. Electrons flow into the p side of the junction.

ii. Both holes and electrons are rapidly drawn away from the junction, the separation of positive and negative charges (or polarization) leaves the junction region relatively free of mobile charge carriers.

iii. Recombination will not occur to any appreciable extent, making the junction high insulative.

4. Breakdown(a very abrupt increase in current.

B. The Transistor
a. Transistors can amplify an electrical signal

b. Transistors serve as switching devices in computers for the processing and storage of information.

1. Junction Transistors(a semiconducting device composed of appropriately biased n-p-n or p-n-p junctions used to amplify an electric signal.

a. p-n-p( holes are injected across the base and into the collector.

b. n-p-n( electrons are injected across the base and into the collector.

2. MOSFET( metal-oxide-silicon field effect transistor, an integrated circuit element.

a. One variety consists of two small islands of p-type semiconductor that are created within a substrate of n-type silicon.

i. the islands are joined by a narrow p-type channel.

ii. Appropriate metal connections (source and drain) are made to the islands.

iii. An insulating layer of silicon dioxide is formed by the surface oxidation of the silicon.

iv. A final connector (gate) is fashioned onto the surface of the insulating layer.

b. The conductivity of the channel is varied by the presence of an electric field imposed on the gate.

i. Imposition of a positive field on the gate will drive charge carriers (holes, in this case) out of the channel, thereby reducing the electrical conductivity.

ii. A small alteration in the field at the gate will produce a relatively large variation in current between the source and the drain.

c. Differences between transistors and MOSFETs

i. The gate current is exceedingly small in comparison to the base current of a junction transistor.

A. MOSFETs are used where the signal sources to be amplified cannot sustain an appreciable current.

ii. Although majority carriers dominate in the functioning of MOSFETs (holes for the depletion-mode p-type MOSFET), minority carriers do play a role with junction transistors (injected holes in the n-type base region)

3. Semiconductors in Computers

a. Transistors and diodes may also act as switching devices.

i. Arithmetic and logical operations

ii. Information storage in computers

b. Computer numbers and functions are expressed in terms of a binary code (ex. Numbers written to the base 2).

i. Numbers are represented by a series of two states ( 0 and 1)

c. transistors and diodes within a digital circuit operate as switches that have two states, “on” and “off.”

d. A single number may be represented by a collection of circuit elements containing transistors that are appropriately switched.

C.
Microelectronic Circuitry(millions of electronic components and circuits are incorporated into a very small place.

1.
Integrated Circuits(millions of electronic circuit elements (transistors, diodes, resistors, capacitors, etc.) incorporated on a very small silicon chip.



a.
Remember video in class

2. Microelectronic circuits consist of many layers that lie within or are stacked on top of the silicon wafer in a precisely detailed pattern.

**Electrical Conduction in Ionic Ceramics and in Polymers**
18.16 Conduction in Ionic Materials
A. Both cations and anions in ionic materials possess an electric charge and are capable of migration or diffusion when an electric field is present.

1.
An electric current will result from the net movement of the charges ions, which will be present in addition to current due to any electron motion.

2.
Anion and cation migrations will be in opposite directions.

3. The total conductivity of an ionic material is equal to the sum of both electronic and ionic contributions.

(total = (electronic + (ionic
4. Mobility

(I = nIeDI/kT





n = valence coefficient





D = diffusion coefficient

