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ELECTRICAL CONDUCTION

e Ohm's Law: V=IR
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Electrical Conductivity

Conductors

.« drunnaziulane (Metals) aevedusung fsazilan
annn1sv i Uszunad 107 (Q-m)t

Insulators
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Tuge 1070 - 102 (Q-m)!

Semiconductors
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_ Electrical Conductivity (Q-m)™*

METALS

Silver 6.8 x 10'
SeERS 6.0 x 107
Iron 1.0 x 10"
SEMICONDUCTORS

Silicon ax 10
Germanium 2.9
GaAs 10°®
CERAMICS

Soda-lime glass 1010 _ 101t
Concrete 1072
Aluminum oxide <1013
POLYMERS

Polystyrene <1014

Polyethylene 10" - 10"



Energy Band Structures in Solids
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Empty
Empty conduction Empty
band Empty band conduction
band band
Band ga
Band gap Ey BRp Band gap
Empty states Filled Filled Filled
Ey band VAt valence
Filled states band band
(a) (b) (c) (d)
Ficure 18.4 The various possible electron band structures in solids at 0 K.

(a) The electron band structure found in metals such as copper, in which there
are available electron states above and adjacent to filled states, in the same band.
(b) The electron band structure of metals such as magnesium, wherein there is an
overlap of filled and empty outer bands. (¢) The electron band structure
characteristic of insulators; the filled valence band is separated from the empty
conduction band by a relatively large band gap (>2 eV). (d) The electron band
structure found in the semiconductors, which is the same as for insulators except
that the band gap is relatively narrow (<2 eV).
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CONDUCTION & ELECTRON TRANSPORT

« Metals:

-- Thermal energy puts many electrons -/ O

into a higher energy state.

nete” flow
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. . empty
Energy States: band
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ENERGY STATES: INSULATORS AND
SEMICONDUCTORS

* Insulators:

--Higher energy states not

accessible due to gap.
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e Semiconductors:

--Higher energy states
separated by a smaller gap.
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Metals

Ficure 18.5 For a -~
metal, occupancy of
electron states

(a) before and (b) after Empty states
an electron excitation.
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AUL5IA08LADY (Average electron drift velocity : v, )
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Temperature (°F) FiGure 18.8 The
-400 -300 -200 -100 0 +100  electrical resistivity

Electrical resistivity (108 Q-m)

| I | | l

| versus temperature for
copper and three
cooper-nickel alloys.
one of which has

been deformed.
Thermal, impurity,
and deformattion
contributions to the
resistivity are indicated
at —100°C. [Adapted
from J.O. Linde, Ann.
Physik, 5,219 (1932);
| and C.A. Wert and R.

Cu + 3.32 at% Ni

Cu+ 2.16 at% Ni =]

L ) M. Thomson, Physics of
e S Solids, 2nd edition,
"Pure" copper — McGraw-Hill Book
Company, New York,
_ 2 1970]
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® Temperature

P, uay a \urasivedlansusazyiin

‘Impurity
P, = AC;(1- C))

A : composition-independent constant
c. : atom fraction (at % /100)



Electrical resistivity (108 Q-m)

Ficure 18.9 Room-
temperature electrical
resistivity versus composition
for copper—nickel alloys.
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Ficure 18,10 Electron bonding model of
electrical conduction in intrinsic silicon:

(a) before excitation, (b) and (c) after
excitation (the subsequent free-electron and
hole motions in response to an external electric
field).
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Instrinsic Conductivity

o= nes T pek,

p : 31UUNAN (hole) fagnuIANLUNS
n : IMUIUBLAAATOU ABNUIEUIUIAS
e : AduYsAlvasUszyBiannsauLaray (1.6 x 10%° C)
u_u, : dATnANsIAAauTivasBiAnnTauLazIQN ANEIGU

Tunsed intrinsic semiconductor A1 M <M BAEN=p=n

v v ° ° ° ° °
N. @ AMULYNVUVDINTYL (instrinsic carrier concentration)

O=Ne(M, * 1) = Pe(H, + H) =N e, + 1)



Table 18.2 Band Gap Energies, Electron and Hole Mobilities, and Intrinsic Electrical

Conductivities at Room Temperature for Semiconducting Materials

Materials Band Gap Electrical Electron Hole Mobility
(eV) Conductivity Mobility
[[€2-m)"] [m*/V-s) [m/V-s)

Si 1.11 4x 10" 0.14 0.05

Ge 0.67 2.2 0.38 0.18
GaP 2.25 - 0.03 0.015
GaAs 1.42 10°® 0.85 0.04
InSb 0.17 2 x 10° 7.7 0.07

CdS 2.40 - 0.03 -
ZnTe 2.26 - 0.03 0.01




Extrinsic Semiconductor

4 N
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n-type Extrinsic Semiconduction

oo

00

o0

00

00

“00™

(ole)

(o)

(e Ne]

o0

00

00

00

¢ Field
—~—

00

o0

(o je]

[oe)

(a)

00

00

(c)

®.

o0

00

00

00

(o]
o

00

00

oo

(ofe}

00

(o}¢}

(oo

00

00

00

¢ Field

00
O o}
(o} o

00

00

00

CREE
s @

@] o] (&) o
(o Ne) (oNe]
(b)
Ficure 18.11 Extrinsic n-type

semiconduction model (electron bonding).
(a) An impurity atom such as phosphorus,
having five valence electrons, may substitute
for a silicon atom. This results in an extra
bonding electron, which is bound to the
impurity atom and orbits it. (b) Excitation to
form a free electron. (¢) The motion of this
free electron in response to an electric field.
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Ficure 18.12

(a) Electron energy
band scheme for a
donor impurity level
located within the band
gap and just below the
bottom of the
conduction band.

(b) Excitation from a
donor state in which a
free electron is
generated in the
conduction band.

Energy —=
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band
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p-type Extrinsic Semiconduction
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Fioure 18.13  Extrinsic p-type semiconduction model (electron bonding). (a) An
impurity atom such as boron, having three valence electrons, may substitute for a
silicon atom. This results in a deficiency of one valence electron, or a hole
associated with the impurity atom. (b) The motion of this hole in response to an
electric field.
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Ficure 18.14

(a) Energy band
scheme for an acceptor
impurity level located
within the band gap
and just above the top
of the valence band.
(b) Excitation of an
electron into the
acceptor level, leaving
behind a hole in the
valence band.
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NaYDsgMuUniinilfeal N, (CARRIER CONCENTRATION)
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Ficure 18.15 Intrinsic carrier
concentration (logarithmic scale)
as a function of temperature for
germanium and silicon. (From C.
D. Thurmond, “The Standard
Thermodynamic Functions for the
Formation of Electrons and Holes
in Ge, Si, GaAs, and GaP,” Journal
of The Electrochemical Society,
122, [8], 1139 (1975). Reprinted by
permission of The Electrochemical
Society, Inc.)
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‘Dopant Content

Ficure 18.17 For
silicon, dependence of
room-temperature
electron and hole
mobilities (logarithmic
scale) on dopant
concentration
(logarithmic scale).
(Adapted from W. W.
Gartner, “Temperature
Dependence of Junction
Transistor Parameters,”
Proc. of the IRE, 45, 667,
0.001 1 | | | | 1957. Copyright © 1957
1019 1020 1021 1022 1023 1024 102> IRE now IEEE.)
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“Temperature

Electron mobility (m2/V-s)
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Ficure 18.18 Temperature dependence of (a) electron and (b) hole mobilities

for silicon that has been doped with various donor and acceptor concentrations.
Both sets of axes are scaled logarithmically. (From W. W. Gértner, “Temperature
Dependence of Junction Transistor Parameters,” Proc. of the IRE, 45, 667, 1957.
Copyright © 1957 IRE now IEEE.)
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Example

® 1. Calculate the electrical conductivity of intrinsic silicon
at 150°C (423 K)

® 2. To high-purity silicon is added 10* m~ arsenic atoms.
(@) Is this material n-type or p-type?

(b) Calculate the room-temperature electrical

conductivity of this material.

(c) Compute the conductivity at 100°C (373 K)



