Electrical behavior

Topic 3
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Conducting Conductivity, o
range Material @1 m

Conductors Aluminum (annealed) 35.36 x 10‘:
Copper (annealed standard) 58.00 x 10°
Iron (99.99 + %) 10.30 % 10°
Steel (wire) 5.71-9.35 « 10°

Semiconductors Germanium (high purity) 20
Silicon (high purity) 0.40 = 103
Lead sulfide (high purity) 384

Insulators Aluminum oxide 10711071
Borosilicate glass 10~
Polyethylene 10-4#-10-%

Nylon 66 102 107¥

Source: Data from C. A. Harper, Ed., Handbook of Materials and Processes for
Electronics, McGraw-Hill Book Company, NY, 1970; and J. K. Stanley,
Electrical and Magnetic Properties of Metals, American Society for

ST £ | 1 B2 8 W) Prrw [, b

[TAELE 1B-1 @ Electricw cowdectividy of selecied mudterinls 2f T = 300 K

Patarial Campuctivity (ahm=" - cm~"]

AN T

etz baln




Mate rial Conductivity (ohm=' - cm=")

Ly S D IR
, 3 dl BN axhosrmanest

R Erriatinn
i s I
I
y r._.l_"r-__.u |..-...u_||'.-.1.....|J [ AN
ienis Conducions [ ) + LI
riedivem BN GEicde By e | N, O, Sa)] | Cats T, B
D ata o 0 R
Py [P==3 Somiincas | IRk |
b % - s
.:.I |...u||:”u i‘hl:l..:'\l.l.l Loraat | Pl | | imslaen
H ! E T f‘
Ih x B I I..r:-Jrl
.I.:'
Figure 18.2 (a) Charge carriers, such as i
electrons, are deflected by atoms or defects Be
and take an irregular path through a ¥
conductor. The average rate at which the S
carriers move is the drift velocity v. (b) -
Valence electrons in the metallic bond move : . i
easily. (c) Covalent bonds must be broken in i it e - .
semiconductors and insulators for an Tt WP PG
electron to be able to move. (d) Entire ions GG PO
must diffuse to carry charge in many
ionically bonded materials. DeDHaeD
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TABLE 18-2 m Some useful relationships, constants, and units

Current density -

The current flowing

through per unit cross-
sectional area.




Electrical resistance
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where s is the electrical conductivity
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Electric field —

The voltage gradient or
volts per unit length.
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where [ is the mobility




* Drift velocity - The average
rate at which electrons or
other charge carriers move
through a material under the
influence of an electric or
magnetic field.

* Mobility - The ease with
which a charge carrier moves
through a material.

Current density - The current flowing through per unit
cross-sectional area.

Electric field - The voltage gradient or volts per unit
length.

Drift velocity - The average rate at which electrons or
other charge carriers move through a material under
the influence of an electric or magnetic field.

Mobility - The ease with which a charge carrier moves
through a material.

Dielectric constant - The ratio of the permittivity of a
material to the permittivity of a vacuum, thus

describing the relative ability of a material to polarize
and store a charge; the same as relative permittivity.
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Einstein relationship
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Energy levels of an isolated atom
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Energy bands of solid sodium
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* Valence band - The energy levels filled Partially or Emply Empty

by electrons in their lowest energy fally filked, conduction conduction
averlapping basd band
states. . . ;

» Conduction band - The unfilled energy band
levels into which electrons can be Filled :*-':"PW'-“"' E>4e¥
excited to provide conductivity. walence band _

. . Filled Filled
Energy gap (Bandgap) - The energy e ety
between the top of the valence band
and the bottom of the conduction band _
that a charge carrier must obtain Semiconductars | Insulatoes

before it can transfer a charge.
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The Fermi function, ((FE), describes the relative filling of energy Figure 15.6
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Fermilevel, Er. and are completely c’mp.‘\* above Fp ALT = 0 K, the Fermi function, f(E), mdirurmpmmcrrmn of some electrons above Er.
E v + Tk - s F. St i
[ 4 Pasren I [ s 1as b o e Mok Mgy, MF A [resrisd

—=|  |=—kTfor 1,000 K E
—=| |=—kT for 300 K
! ‘ 0K
300K Conduction band
T 1,000 K
= — Ep Ly
|

1 |
0 0.5 4.5
— E(eV)—=

5.0 55

Figure 15.7

Valence band

——f(E)—
Figure 158

Comparison of the Fermi function, f(E), with the energy band structure for an
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Figure 15,9
Comparison of the Fermi function, f{E), with the energy band structure for a
semiconductor A significant number of electrons is promaoted o the conduction
band because of a relatively small band gap ( 2 eV). Fach electron promotion)
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eHoles are in the
valence band.

«Conduction
electrons are in the
conduction band.

Holes - Unfilled energy
levels in the valence
band. Because
electrons move to fill
these holes, the holes
move and produce a
current.

- -
«—0O

® -

Negative Positive
electrode electrode

O Positive charge carrier

. Negative charge carrier

Radiative recombination -
Recombination of holes and
electrons that leads to
emission of light; this occurs
in direct bandgap materials.

Electrical conduction through a composite material consisting of
three components (1, 2 and 3) that are in a parallel configuration
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Resistance due to component i

Total resistance

1

Y —
Ri:ri—A R_r”(A A +A)
i 1 2 3
Current through component i Total current
L VA, :izv(Al+A2+A3)
o R )t
Total current through the composite . A AL D
) \ \%
- _V&EA, A, 3 O — 1+—2+—3T=—(A +A +A)
|—|1+|2+|3—— + + = - 1 2 3
égrl ) s g ¢ rq rs s g IFllg
Electrical conduction through a composite material consisting of
three components (1, 2 and 3) that are in a series configuration
1 1 A, 1 A, .
M AL +A +As) 1, (AL +A, +A) 10
1 As 2 v oI
s (A +A,+A,) 3
1 1 1
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'y > rs

Rule of Mixtures

Total voltage drop

Vv :%(r1L1+r2L2+r3L3)

Total resistance
L +L +L )
1 2 3
A A

R=r

Total voltage drop

V =1IR

L +L +L )
1 2 3

=Ir
N A
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Total voltage drop

Vv :L‘—(rlLl+r2L2+r3L3)

AL(rlLlJ' rolo+ r3L3)

Weight percent fibers

gar L +r L _+r_L_ 9
_e11 22 338 Conduction through a
" (L +L +L ) composite material with an
1 2 3 . . .
insulating matrix and short
conductive fibers
_?1f1 +?2f2 +?3f3
Rule of Mixtures
1016 .
- Percolation threshold
% 1012 - Minimum volume fraction of
= conductive fibers (or particles)
= 108 for adjacent fibers (or particles)
5 to touch each other and form a
E 1% Fibare” continuous conductive path.
contact
1 1 | | |
4] 10 20 30 400 50
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Conduction through
an interface

Contact resistance

1
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A
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where ?.is the contact resistivity

Energy bands of an intrinsic semiconductor

{ Conduction { cond .
uct
Eg < 4 eV e = g lectrons
“—Holes
band
{ay Without thermal sy With thermal
excitation excitation

Intrinsic silicon
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(a) (b)
Without thermal With thermal
excitation excitation

Electrical conductivity of a
semiconductor

s =qnmy+apny, |

where g = magnitude of the charge of an electron,
n = number of conduction electrons per unit volume,
p = number of holes per unit volume,
m, = mobility of conduction electrons,

and  m =mobility of conduction holes.

For an intrinsic semiconductor (n = p),

S =qn(np]+ny :
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Current density due to both
an electric field
and a concentration gradient
~ E+ab dn
Jn=0Qn Pp— .
M N
~ E. dp
Jp=0p m -V ——
P p P ax

3:3n+jp .

* Intrinsic semiconductor - A semiconductor in
which properties are controlled by the element
or compound that makes the semiconductor
and not by dopants or impurities.

« Extrinsic semiconductor - A semiconductor
prepared by adding dopants, which determine
the number and type of charge carriers.

» Doping - Deliberate addition of controlled
amounts of other elements to increase the
number of charge carriers in a semiconductor.

Extrinsic semiconductor
(doped with an electron donor)
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? @ ? Hole caused by

/" B atom addition

Conduction band

| in covalent bond
| withSi Valence band

Energy bands

Accaprar
lavel

Intrinsi Extrinsic semiconductor
n ”ns'C (doped with an electron
semiconductor acceptor)

TABLE 18-7 m The donar and acceplor energy gaps (in alectron volts)
when silicon and germanium semicanductors are doped

Silicon Eermanium

Dopant E; & £y E

sl iy

' T
1" '\.- 3
¥

=
T
E

= kel

Defect semiconductor
(excess semiconductor Zn,,,0)
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¢ 0%0 000D O
OeOe0Oe0De °F
NOK JOX NOX XO)

Zn* ion serves as an electron donor.

Energy bands of Zn,,, O

Conduction {
band

Valence
band

Defect semiconductor
(deficit semiconductor Ni, ,O)

eQoeQeQeQe
OQe0eQee OF
©Oe0OeQoQe ©°*
OQaOeOeQeO 2"
c0005050 s

Ni3* ion serves as an electron acceptor.
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Energy bands of Ni, ,O

Conduction
band

Valence 7 level
band

Light

n-typs ssmiconductor

n=—
I

Eun
E = hn (Photonenergy)

where h = Planck’ s constant
=6.6262 x 1034 Js

Photon energy must be at least equal to the energy
bandgap in order for electrons to be excited
from the valence band to the conduction band.

Consider an n-type semiconductor being
illuminated.

lllumination increases conduction
electrons and holes by equal number,
since electrons and holes are generated
in pairs.

Thus, the minority carrier concentration
(p,,) is affected much more than the
majority carrier concentration (n,).

Carrier density,

Energy gap, FElectron mobility, Hole mobility, ne (= ny)
Material  Eg (eV)  po[m*(V-)]  pp[mPHV - 5)] (m=3)

able 155 B Prapeties of comaooly mcousiersd aicoocanin

Si 1.107 0,140 0,038 14 x 104
Ge 0.66 0.364 0.190 23 x 108
Cds 2,59 0,034 00018 =

GaAs 147 0720 0.020 1.4 x 10"
InSh 0.17 8.00 0.45 13.3 % 10%

Source: Data from C. A. Harper, Ed., Handbook of Maierials and Processes for Elec-
tronics, McGraw-Hill Book Company, NY, 1970,
#This value is above our upper limit of 2 eV used to define a semiconducior, Such a
limit issomewhat arbitrary. In addition, most commercial devices involve impurity
levels that substaniially change the nature of the band gap (see Chapter 17).
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Table 15.5
Properties of Some Common Semiconductors at Room Temperature (300 K).
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(a) (b)
Electron
(c)

* Temperature Effect - When the
temperature of a metal
increases, thermal energy
causes the atoms to vibrate

» Effect of Atomic Level Defects -
Imperfections in crystal
structures scatter electrons,
reducing the mobility and
conductivity of the metal

70—

= S0
5 40—
= Cu
< 30—
=
= 20— Al
=3
Op=~——
e
0 L 1 L | 1
0 100 200

(o)

Figure 15.10
Variation in electrical conductivity with temperature for some
metals. (From J. K. Stanley, Electrical and Magnetic Properties
of Metals, American Society for Metals, Metals Park, OFF, 1963.)
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Figure 15.11

Variation in electrical resistivity with temperature for the
same metals shown in Figure 15.10. The linearity of these|
data defines the temperature coefficient of resistivity, o

LN | L i WA Prarwm [acarion, bac, Uppe Sl K, K1 AL

Change of resistivity with temperature
for ametal

Dr
—=aDT
;

where a = temperature coefficient of
electrica resistivity

ES]opc = op

Electrical resistivity

-
300 K

Temperature —»
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TABLE 1B-3 B T fepevalive resialy contficient vy lov sefected metals( 1)
Room Temperaum Resaivily
Metal [  cm]

Temperatung Brisktrvity Cosllicient]
[} {mbmi'ohm - G)

Temperature coefficient

Resistivity at 20°C ppy of resistivity at 20° C o
Material (- m) ey
Aluminum {annealed) 28.28 = 107 0.0039
Copper (annealed standard) 17.24 107 0.00393
Gold 24.4 = 1077 0.0034

Trom (29.99 4+ %) 97.1 x 1077 0.00651
Lead (99.73 4+ %) 20648 = 107 0.00336
Magnesium (99.80%) 44.6 x 107* 0.01784
Mercury 958 » 1077 0.00089
Nickel (99.95% + Co) 68.4 1077 0.0069
Nichrome (66% Ni + Cr and Fe) 1,000 x 10-* 0.0004
Platinum (99.99%) 106 = 107 0.003923
Silver (99.78%) 15.9 = 107 0.0041

Steel (wire) 107-175 » 10~* 0.006-0.0036
Tungsten 55,1 = 1077 0.0045

Zine 5916 = 10-* 000419

Source: Data from J. K. Stanley, Flectrical and Magnetic Properties of Metals, American Society fo
Metals, Metals Park, OH, 1963,

Table 15.2
Resistivities and Temperature Coefficients of Resistivity for Some Metallic Conductors.
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= B Cr <~ 120
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= = —_
= - =
S 20— Al 2 80
= L =
< L =
. =
Cd =
B *
s T L PR \ O
0 0.10 0.20 a 4
Alloy addition (wi%)
Figure 15.12 0 | | | | |
n in electrical resistiviry with composition for various copper alloys with] 0 20 40 60 80 100  at. % Au
f elemental additions. Note that all data arve at a fived temperature (20° 100 80 60 40 20 8] at. % Cu
T. K. Stanley, Electrical and Magnetic Properties of Metals, American Soc C iti
Metals Park, OH, 1963.) ZslHsas el
Bt i vl S e o Japeewn, Ttk i by L F it Bt i Mevnale s o B iors, Yotk it by Dot F i it
T e | L W Paarwn Diacarion, b, Uppes Sakila By, K1 AL vigfids, el LN | L i WA P iacarion, bac, Uppe SaiBl By, K1 AL s masmaal

= Material
= containing
2 defects

Perfect
crystal
structure

P

Pr

v

Temperature

Electrical res

Matthiessen’s rule —

The resistivity of a metallic
material is given by the addition
of a base resistivity that
accounts for the effect of
temperature, and a temperature
independent term that reflects
the effect of atomic level
defects, including impurities
forming solid solutions.
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Effect of
Processing
and
Strengthening

00 ——————pe 510
> 90
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Percent deformation Weight percent addition
(a) (b)
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[TH} 204 10 400
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=
=. 60
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=
2 40 Iron
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T 0.2 (1.4 0.6 0.8 1.0
Weight percent addition
(h)
10° - _
I Aduminum S = q nm
_E 105 - ——
e \‘:. Rcdl._u,.mg For a metal, s decreases with increasing temperature
=] mobility because p decreases with increasing temperature
i = 100 H g temp :
i .E For a semiconductor, s increases with increasing
; _; 1030 Cemmaninm temperature because n and/or p increases with increasing
- temperature.
B -
i B 100 / :
i = Increasing
= charge
= .10} carriers
]
0,01 - - 1 L.
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For a semiconductor

- E /2KT
npe °

where E, = energy band gap between conduction and
valence bands,
k = Boltzmann's constant,
and T =temperatureinK.

The factor of 2in the exponent is because the
excitation of an electron acrossk, produces an
intrinsic conduction electron and anintrinsic hole.

Taking natura logarithms,
- E_/2KT
S=S.. o
Ins=Ins,- —-.

Changing the natural logarithms to
logarithms of base 10,

logs =logs - ——2 .
951095 gt

Thermistor —

A semiconductor device that
Is particularly sensitive to
changes in temperature,
permitting it to serve as an
accurate measure of
temperature.

Conductivity of anionic solid
S =gnmc+gnmp =gn(nc+my) ,

where  n= number of Schottky defects
per unit volume
m: = mobility of cations,
m, = mobility of anions.

An n-type semiconductor
n=n +n,,

where n = total concentration of conduction

electrons,

n, = concentration of intrinsic conduction
electrons,

n, = concentration of extrinsic conduction
electrons.

D® D" +e™ ,
ne:ND+ '

-Eg/2KT
n ke Fg

-Ep /KT
neMl e P

ni<<ne
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Before donor exhaustion
nj << Ne

No extrinsic holes, thus
P=0;

However,

Thus,

n@n,
pco .

s =ognm +tapm, .
s @nm,

At high temperatures
(i.e., donor exhaustion)

n@n

Arrhenius plot of log conductivity vs. 1/T,
where T is temperature in K.

log o

/T

Extrinsic semiconductor
(doped with an electron donor)

Extrinsic

ny (cm‘3) -

AY
Slope =—Eg/2K " Intrinsic (n;)

lonization

2 4 6 8
High temperatures e

1000/T (K1)

10 12
Low temperatures
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A p-type semiconductor

P=Pi*tPe »

wherep = tota concentration of

conduction holes
p; = concentration of intrinsic holes,
P = concentration of extrinsic holes.

Arrhenius plot of log conductivity vs. 1/T,
where T is temperature in K

E
(2.3)2k
E
log © A
Slope = -
Acceptor P 2.3k

satura-
tion

1/T

Extrinsic semiconductor
(doped with an electron acceptor)

A+e® A,
A® A +h'
Pe=Na- >

piue-Eg/ZKT

-EA /KT
PeM e A

A <<Pe

before acceptor saturation

P @p,
na .

before acceptor saturation

The mass-action law

Productofnandpis a
constant for a particular
semiconductor at a
particular temperature
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Intrinsic semiconductor
n=n;=p;=p

np = n?

n, =15 10“cm™ 3 forS

n, =25 102 cm for Ge .

This equation applies
whether the semiconductor
is doped or not.

Consider an n-type semiconductor.
n@,=Np,

N - N (Donor exhaustion)
D+ D

n@Ng .

2 2
_Ni _ N

n Np

. . fpimAl
The pn junction |
o BT o :
Rectification
1 1 N
|f' -
u L s
L
B ihd e E
1 " "
| ™y i i _1“
(L] Y] E
1 ol
Tl |
int ihl
+ Hole dmp [ [0
-side a-side Eigilibrium [Tt Hervrres bass
A pnjunctionat [+ + +efe - T et ety o (g
bias voltage V=0 |} . 2% N l—__r;!__— ] [_.H: | I_“_]
- Acceptor anton | - » L "~ n
Jry— - & = (inanrnal alactric ekl
= hole concentration N = Vit
Carrier Fop W J ’ *
- conductton electron . P ¥ ¥ =V
concentration concentration - ric [
K
= width of depletion
Partbe e Cmreeesd Pareec e Cymrrees: Particks Ao -I
T [E= Bhow
Flactric TFTTTTY ¥ *
seenctal I T = contact patential - - - -— - -—
¥ v L1 - - - - - -
i [ 1] - - - - - -
i

= dtffusion current

= arift current

113 Fiabe: i e
C25 Ml chely

R Y —
i) Bt i
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Diodes, transistors, lasers, and LEDs are made using
semiconductors. Silicon is the workhorse of very large
scale integrated (VLSI) circuits.

Forward bias - Connecting a p-n junction device so
that the p-side is connected to positive. Enhanced
diffusion occurs as the energy barrier is lowered,
permitting a considerable amount of current can flow
under forward bias.

Reverse bias - Connecting a junction device so that
the p-side is connected to a negative terminal; very
little current flows through a p-n junction under reverse
bias.

Avalanche breakdown - The reverse-bias voltage that
causes a large current flow in a lightly doped p-n
junction.

Transistor - A semiconductor device that can be used
to amplify electrical signals.

I ks , n-p-n bipolar junction transistor
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Superconductivity

Istivity

 Superconductivity - Flow of current through a
material that has no resistance to that flow.

* Applications of Superconductors - Electronic
circuits have also been built using
superconductors and powerful
superconducting electromagnets are used in
magnetic resonance imaging (MRI). Also,
very low electrical-loss components, known
as filters, based on ceramic superconductors
have been developed for wireless

communications.
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Resistivity of mercury drops suddenly to zero at a critical
temperature, Te (= 4.12 K). Below T, mercury is a
superconductor.
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Figure 15.17
The highest value of Te increased sieadily with tinre until the
development of ceramic-oxide superconductors in 1986,
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Figure 15.18
The resistivity of YBay Cuz O7 as a function of iemperature, indicating a T, =95 K.
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Figure 15.19
Unit cell of YBay tCuy 07 It is roughly equivalent io three distorted
perevskite unit cells of the type shown in Figure 3.14.
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