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9. Electrical conductivity of solids
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lllmlJJ 9.1. The electrical properties of solids
AGH

Computers, calculators, cellular phones are all
solid-state electronic devices.

Solids are classified electrically according to the following
quantities:

1. electrical resistivity p (ohm-m) at room temperature
2. temperature coefficient of resistivity a (K1)
1d
a==-2
p dT

3. number density of charge carriers n (m-3) defined as the
number of charge carriers per unit volume
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lllmlJJ 9.1. The electrical properties of solids
AGH

Fromm measurements of room-temperature resistivity alone, we can
conclude that there are materials that for practical purposes do not
conduct electricity at all - insulators

Insulator have very high electrical resistivity. Diamond, an
excellent example, has a resistivity greater than that of copper by
the enormous factor of about 1024,

We use measurements of p, a and n to divide most noninsulators,
at least at low temperatures, into two categories:

metals and semiconductors
e p(semiconductors)>> p(metals)

. a (semiconductors) high and negative (resistivity of a
semiconductor decreases with temperature while that of a metal
increases)

e n(semiconductors)<< n(metals)
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AGH Semiconductors in period table

l—v III-V<—l
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lllm]JJ 9.1. The electrical properties of solids
AGH

Cu - prototype metal, Si — prototype semiconductor

Property Unit Cu Si

Type of conductor metal semiconductor
Resistivity, p ohm-m 2:10-8 3-103
Temperature K-1 +4 :10-3 -70 -10-3
coefficient of
resistivity, a

Number density m-3 9-1028 1-1016
of charge carriers
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lumJJJ 9.2. Band structure

AGH
Isolated atom has well defined electronic levels. When the solid
is formed, the distance between atoms decreases, the levels
split (for N atoms each level splits into N levels).
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A typical band gap ranges over only a few eV. Since the number
of atoms N is of the order of 1024, the individual levels within a
band are very close.
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lumJJJ 9.2. Band structure

AGH
Insulator Semiconductor Metal
Eg=0
Be F------- I Eg = po------ t Eg Er— .
-  occupied— ] occupied
™~
Insulator: Semiconductor: (at occupied
(at room temperature) room temperature): Metal: the highest
> 4ev SitE =112 eV occupied level falls
(5i0: Eg=9.1eV, Ge: E99:O.66 eV near the middle of
SizN,: Ei~5eV) GaAs:E,=1.42 eV an energy band
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mmJJJ 9.3. Intrinsic and extrinsic semiconductors
AGH

Undoped (intrinsic)
semiconductors:

/

’conduction band— |

)

Band structure has energy
gap E, at the Fermi energy 0 gap

conduction only if electrons \\\<
e band
GaAs

\

are excited (e.g., thermally, -syvalenc
optically) over the gap

/N

Same density of electrons -
in conduction band and \F
holes in valence band: L £ K

—

Non-degenerate electron/hole gas
in bands (i.e., no Fermi sea),

Ne = Njy ~ e*Eg/QkBT transport similar to classical
charged gas
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lumJJJ 9.3. Intrinsic and extrinsic semiconductors
AGH

Effective density of states

intrinsic l —
. n, =N.exp _E B
semiconductors e KT
—F,/2kgT
Neg =MNp ~ e 9 /2kB
E, T = n .l
at RT
Si:Eg=112 eV n,=14510cm-3
Ge: Eg=0.66 eV n,=2-1013cm3
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mmJJJ Conduction mechanism for intrinsic

semiconductors
AGH
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Free
Electrons |

If n, is oo small in order to use the semiconductor in devices it
has to be doped
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AGH Doping - extrinsic semiconductors

- si ﬁ.

Donor impurity
contributes
free electrons

... Acceptor
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L Si ® hole
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+if the valence number of dopant is smaller than that of the host the dopant

is called an acceptor

«if the valence number of dopant is larger than that of the host the dopant

is called a donor
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Example 1: replace Ga by Si in GaAs

Si has one valence electron more —

introduces extra electron: donor

Si** weakly binds the electron:
hydrogenic (shallow) donor state

Example 2: replace Ga by Zn in
GaAs

Zn has one valence electron less
— introduces extra hole: acceptor

Zn2* weakly binds the hole:
hydrogenic (shallow) acceptor state

@50@@0@0(@)

o(Oo(Oo()

OEIGEIOLIOLI®,

©50209000
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CB CB
Epg= excitation energy is
strongly reduced
conduction at lower EF—Q— .....
VB temperatures VB

Lectures in Physics, summer 2011 14



2011-06-20

lumJJJ Impurity bands

AGH . :
= if impurity in crystal field has levels in the gap:
deep levels (not hydrogenic), e.g., Te in GaAs CcB
= both shallow and deep levels can result from E_----n=mnmmmmnes
native defects: vacancies, interstitials... F PY
= if donors and acceptors are present: lower carrier
concentration, compensation VB
Increasing doping:
hydrogenic impurity states overlap — form impurity band
g \
CB &
—— —0— —O0——0— 2
~ S
2
e » e |vB cB
VB 8, A .
Er E
For heavy doping the impurity band overlaps with the VB or CB
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AGH

Mobility p - drift velocity v, divided by the external
electric field E:  p=v4/E (cm2/Vs)
E=0

E=0 —

Chaotic motion of charge carriers drift of the charge carriers in
Collisions at ions direction of the electric field
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@]]]J! Mobility and scattering

e scattering at phonons - lattice oscillations
e scattering at ionized impurities
e scattering at neutral impurities

e scattering at dislocations and other
crystallographic defect

., 3.
T ~T ,CE E—l

T~ average time between collisions (scattering at
phonons) decreases with temperature T
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AGH Scattering at ionized impurities

Results from the electrostatic interaction between the
change carriers and ionized impurities

¢ decreases with velocity v, thus the average time
increases with femperature

Ty~ T
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AGH Matthiessen rule:
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Electron energy

Hole energy

AGH

A p-n junction is a single semiconducting crystal that has been
selectively doped so that one region is n-type and the adjacent
region is p-type. Such junctions are at the heart of all

semiconductor devices.
Thermal Equilibrium

P N E-field
N, and
¥ A i : Np“and n
x) is fon regi
Wy o }l L () is0
ki
.................. E, l . /
e . .[’.'F Quasi tral . i Quasi-neutral
RO E region 4 ' region
_—q“’_h\ p-Si / n-Si
i E N - Np* only
. : n 4 v N, only .
r1p-Bulk region  Depletion region n-Bulk region p(x) is - p(x) is +
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mmJJJ 9.4. The p-n junction

AGH

The diffusion of majority carriers
(electrons in n-type region, holes in p-
type region) produces a diffusion current,
Iy that depends on the value and sign of
external potential V

Minority carriers (holes in n-type region,
electrons in p-type region) constitute a
drift current, I, that is independent of
the external potential V.,

External voltage affects the barrier height
and the width of the depletion region

Lectures in Physics, summer 2011

forward-bias

22

2011-06-20

11



2011-06-20

AGH

Current (mA)

N

-2 -1 0 +1
Potential difference (V)

Back bias Forward bias

A current-voltage characteristics of the p-n junction; the
junction is highly conducting when forward-biased and
essentially nonconducting when back-biased
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9.5 Applications of semiconductors
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9.5.1. The junction rectifier

\/ \/ A sine wave input potential to the

P
jQE
:

Input voltage

device is transformed into a half-
wave output potential by the
junction rectifier.

Jlmcllnn rectifier

A rectifier acts as a closed switch
(zero resistance) for one polarity of
the input potential and as an open
switch (infinite resistance) for the

:/\ N ‘ other.
4 1= s - 5,
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mmJJJ 9.5.2. The light-emitting diode LED
AGH

(v LED requires large

number of electrons in the
conduction band and holes
in the valence band, i.e. -

Light P Ligh 1 heavily doped p-n junction
g and direct band gap (e.g.

Q GaAs)

LED is a forward-biased

p-n junction; electrons are 7\‘ hC
injected into n-type and

holes into p-type Light is Eg
emitted from the narrow

depletion zone during

recombination of electron

and hole

A junction laser developed
at AT&T Bell Lab; size
compared with a grain of
=—=— salt

Laser requires the
population inversion and
a Fabry-Perot cavity
(mirror-like opposite faces
of the p-n junction)
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lumJJJ 9.5.3. The transistor

A circuit containing a
generalized field-effect
transistor FET; the electrons
flow from the source terminal S
to the drain D. The magnitude
of current Iy is controlled by
the electric field set up within
the FET by the potential applied
to G, the gate terminal

rype
Metal puyp
. ; . semiconductor

Insulator  gem n-type =
D (S10,) semiconductor

A particular type of FET known as
MOSFET. The magnitude of the I
current through the n-channel is
controlled by the potential difference
Vgs applied between the source S
and the gate.
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