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Semiconductor Science




Energy Band Diagrams
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Energy Band Diagrams - Metals

, other higher energy levels

»Various overlap single band
partially

up to the vacuum electron
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Energy Band Diagrams - Semiconduetors

Covalent bond Sij ion core (+4e)
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Energy Band Diagrams

atoms valence electrons

to bonds between the atoms

simplified

Covalent bond Si ion core (+4e)
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Energy Band Diagrams

Covalent bond

Siion core (+4e)
| 3/ Electron energy, E
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Electron-hole Pair Creation

photon excite

Electron energy, £

greater

breaks Si-Si bond free electron hole in the Si-Si bond
photogeneration




Electron-hole Pair Creation

empty electronic state

free electron
wander around the crystal

positively charged
removed neutral

wander around
the crystal free

I.e. tunnel,
into the hole to fill the vacant

create a hole at its original position

conduction in semiconductors
charges effective masses




Electron-hole Pair Creation
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Thermal Excitation

other sources of energy

thermal generation

thermal energy vibrating
bonds periodically
deformed distribution

Energetic vibrations create
exciting CB




Recombination

wandering electron in the CB meets a hole
therefore
occupies it. falls
trapping an electron

excess energy

emitted as a photon

In the steady state generation




Generation-and Recombination
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Electron-hole Pair Creation - General




Electric Charge Carriers in Semiconductors

electric current electrons

holes




Semiconductor Statistic

Density of states number of electronic states

The Fermi-Dirac function probability of finding an electron

confined within a three-dimensional
the density of states

conduction

band only on available sates
and not on their actual occupation.




Semiconductor Statistic
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Semiconductor Statistic

The Fermi Dirac Function, f(E), is the probability of finding
an electron in a quantum state with energy E. This
function is a fundamental property of a collection of
interacting electrons in thermal equilibrium

1
f(E) = (E _ EF)
1+ exp
kT

Where k is the Boltzmann constant, T is the
temperature in Kelvin, E. is the Fermi energy

energy level
where at T = 0 K, all states below it

f(E) = Y2 at some temperature T

that %2 of the states are filled at this energy level

probability
no states Important




niconductor Statistic —
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Fermi Energy Dirac Equation




Semiconductor Statistic

(c)
(d)

number of electrons that of electronic states

ny(E) or p(E)




Semiconductor Statistic




Semiconductor Statistic
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Density of states
Fermi-Dirac probability function
energy density of electrons




Extrinsic Semiconductor

concentration one polarity

pentavalent

trivalent




n-type Extrinsic Semiconducter

excess electrons - n-type semiconductors

cannot find a bond
orbiting around

electron concentration
nearly equal

»Number of holes

. Distance into
) crystal
As atom sites every 10° Si atoms

(a) The four valence electrons of As (b) Energy band diagram for an n-type Si doped
allow it to bond just like Si but the fifth with 1 ppm As. There are donor energy levels just
electron is left orbiting the As site. The below £. around As* sites

energy required to release to free fifth- ¢ '

electron into the CB is very small.




n-type Extrinsic Semiconducter




n-type Extrinsic Semiconductor

Electron energy

x Distance
into crystal

As atom sites every 10° Si atoms

sufficient

few of the
large number of electrons




n-type EXxtrinsic Semiconductor




p-type Extrinsic Semiconducter

less electrons - p-type semiconductors

valence band
nearly equal

» Electron carrier concentration

Electron energy
B atom sites every 10° Si atoms

(a) Boron doped Si crystal. B has only three valence electrons. When it
substitutes for a 8i atom one of its bonds has an electron missing and therefore a
hole. (b) Energy band diagram for a p-type Si doped with 1 ppm B. There are
acceptor energy levels just above E, around B-sites. These acceptor levels accept

electrons from the VB and therefore create holes in the VB.




p-type Extrinsic Semiconducter




p-type EXtrinsic Semiconductor

Electron energy (b)
B atom sites every 10° Si atoms
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into crystal
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Simplified Band Diagram for Semiconductors

changes function of doping
changes
majority minority
majority minority
»Mass action




Simplified Band Diagram for Semiconductors

Energy band diagrams for (a) intrinsic (b) n-type and (c) p-type semiconductors.
In all cases, np = n:2. Note that donor and acceptor energy levels are not shown.

CB = Conduction band, VB = Valence band, E. = CB edge, E, = VB edge, E; =
Fermi level in intrinsic semiconductor, E., = Fermi level in n-type semiconductor,
Er, = Fermi level in p-type semiconductor. y Is the electron affinity. ®, @ and @,
are the , N-type and p-type semiconductors
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Extrinsic Semiconductor - Compensation
Doping

Large donors
overlaps

Degenerate semiconductors
CB
0 = AU @




Extrinsic Semiconductor - Compensation
Doping

Degenerate semiconductors
CB
101% ~ 10%° cm?3

Impurities
forming a band

Normal
parabolic band E

Composite

band Band
tailing




Extrinsic Semiconductor - Compensation
Doping




Extrinsic Semiconductor - Compensation
Doping

Summary of Compensation Doping




Energy Band Diagram in an Applied Field

V(x), PE(X)

connected

IS above that for the

drops uniformly along
n-Type Semiconductor the SemlcondUCtor

o— o> Imposed electrostatic potential energy
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Energy Band Diagram in an Applied Field

V(x), PE(X)

in thermal
equilibrium and in the dark

constant from one end to
the other

n-Type Semiconductor

1 e :

v whole energy diagram tilts
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Direct & Indirect Bandgap Semiconductors:
E-k Diagrams

electron is within an infinite

potential energy well
The E-k Diagram

Conduction
Band (CB)

Band (VB) Occupied v,




Direct & Indirect Bandgap Semiconductors

E, 4

Conduction
Band

Valence P,
Band
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Direct & Indirect Bandgap Semiconductors

The E-k Diagram The Energy Band
Diagram

Conduction
Band (CB)

Valence

Band (VB) E - k diagram is an energy

vS. crystal momentum plot

|
—a

The E-k diagram of a direct bandgap semiconductor such as GaAs. The E-k

curve consists of many discrete points with each point corresponding to a

possible state, wavefunction yi(x), thatis allowed to exist in the crystal. the valence

The points are so close that we normally draw the -k relationship as a
continuous curve. In the energy range F, to E,. there are no points (/(x)

solutions).

they have higher energies valence electrons 0K




Direct & Indirect Bandgap Semiconductors

E, 4

Conduction
Band

Valence P,
Band




Direct & Indirect Bandgap Semiconductors




Direct & Indirect Bandgap Semiconductors

Indirect Bandgap, £ o

:

(a) GaAs (b) Si (c) S1 with a recombination center

(a) In GaAs the minimum of the CB is directly above the maximum of the VB. GaAs is
therelore a direcl bandgap semiconductor. (b) In Si, the minimum of the CB is displaced [rom
the maximum of the VB and Si 1s an indirect bandgap semiconductor. (¢) Recombination of
an electron and a hole in Si involves a recombination center .




Direct & Indirect Bandgap Semiconductors

T
>
)
~
>
(@)
—
b
c
L

k [100] k [100]




Direct Bandgap-Semiconauctors

GaAs




Indirect Banagap-Semieonducters




Indirect Bandgap Semiconductor




