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Fermi function

f(E) 1s the probability that a state at energy £ 1s occupied.
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Fermi energy

The Fermi energy is implicitly defined as the energy that solves the
following equation.

n= T D(E) f(E)dE

Here 7 1s the electron density.

The density of states, the total number of electrons and the temperature are
given. To find the Fermi energy, guess one and evaluate the integral. If n
turns out too low, guess a higher £, and if n turns out too high, guess a

lower E..
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i Calculate the Fermi energy
Lagin
The density of states for a particular material i given in the following fgure.
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n= T D(E) f(E)dE
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“What 15 the Fermi energy at zero temperature? For a semiconductor, find the limiting walue of the Fermi energy as the temperature approaches zero.

B=l e

“What kind of material 15 thus?
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free electrons (simple model for a metal)
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Silicon band structure
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Near the bottom of the conduction band, the band structure looks like a parabola.



Effective mass

- n’ 2 2 2 ]92 2
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Effective mass d"E(k)
dk’
This effective mass 1s used to describe the response of Fe—eE=m'i

electrons to external forces in the particle picture.
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Anisotropic effective mass in silicon
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The electrons seem to have different masses when the electric
field 1s applied in different directions.



valence band, holes

When all states in a band are occupied, the band
does not contribute to the current. There are as
many left-moving electrons as right-moving

electrons. N
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valence band, holes

In the valence band, the effective mass is negative.
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Holes

Charge carriers 1n the valence band can be considered
to be positively charged holes. The number of holes in
the valence band is the number of missing electrons.

m*, = effective mass of holes
. n’
m, =-— =
" d*Ek)
dk:
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Boltzmann approximation

n= j D(E) f(E)dE = DE)
E, 12.5 M f(E)
W exp((L-EYVkT)
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Density of electrons in the conduction band
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Density of electrons in the conduction band
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Properties S1 Ge GaAs
Bandgap Eg i 066 eV 1.424 eV

Effective density of states in conduction band (300 E) N

278 % 104 g2 1.04 x 102 2 4.45 = 104 2




Density of holes in the valence band

D(E)=DAJE,~E A

Empty  Occupied
states states

FERMI FUNCTION f{E)
=~




Silicon valence bands
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Boltzmann approximation

p= j D(E)(1- f(E))dE

12.5
10.0

D(E)[eV1em?] 75
w 10730
5.0

0.0

l D(E)
M 1-f(E)
B exp((E-n)

N/

kT)

F

k,T

I-f(E)=1-
exp(

]H

F

1.0

1.3



Density of holes in the valence band

Empty  Occupied
states states

1.0
FERMI FUNCTION f{E)

0.5

p- fD(E)(l—f(E))dEzDvfexp(Ek_fF

B

E - F 2D E - F
p — Nv exp( v F]: V (kBT)3/2 exp( y Fj

j E —EdE

k.T Jr k.T

B B

* 3/2
N, = 2(mh—szTj = Effective density of states in
27ch the valence band
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Boltzmann approximation

Near the top of the valence band and the bottom of the conduction band the density of states of a semiconductor can be approximated as,

D+E,—E, forE < E,
D(E)=4 0, for By < E < E,

D.E—-E, forE.<E

Where D, and D, are constants that describe the form of the density of states near the band edges. Often in the literature, these constants are given in terms of the 'densit
states effective masses' m; and m¢ or the 'effective density of states at 300 K' Ny(300) and Nc(3'!]l}). The relations to Dy and D, are,

(2m3)*%  /mN,(300) (@m2)¥2  /EN(300)
2wk 2(kgT)3? ' T 2m%h3 2(kp300)32

'l.i':

Data for different semiconducting materials can be found in the NSM Archive.

The plot below shows the density of states of various semiconductors in this approximation. The Fermi function is plotted as well. At low energies the value of the Fermi
function is 1 and those states are occupied. At high energies the Fermi function goes to zero and those states are unoccupied. In the limit of low temperture, the Fermi en
the middle of the band gap, Er = E,/2. As the temperature increases, the Fermi energy moves towards the band with the lower density of states.
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Density of holes in the valence band

" .T « 3/2
m, k,T E -E.
A I P = 2 — .5 eXp k—
VALENCE L I Heavy Hole Band 27Z-h B T
BAND
II Light Hole Band
H 3/2
I Split-Off Band .
A= Split-Off E P = —T cXp Ev EF
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Properties Si Ge GaAs
Bandgap Eg 1.12 eV 066 eV 1.424 eV
Effective density of states in conduction band (200 E) N 278 % 100 1.04 % 10%° m~> 445 % 1047 >
Effective density of states m valence band (300 E) N, 984 x 10°% 2 6.0 % 10°% 2 772 % 10%% >
Effective mass electrons m_r* =098 m_r* =164 e
*I. * * R =|:||:|6?
e [ i =019 my =082
Effective mass holes i = 0.16 g = 0.044 i = 0.082
m (g mhh* =049 mhh* =025 mhh* =045
Crystal structure diamond diamond anchlende
Density 2528 glom?® 593267 glom? 5932 gfeny?
Atorns/m? 5.0 % 10%8 4.42 x 10% 442 x 10%




New Semiconductor Materials. Biology systems.
Characteristics and Properties

Semiconductors n.k
database InGaAsP Levels Equivalents Bibliografic database

NSM Archive - Physical Properties of Semiconductors

Si - Silicon Ge - Germanium

GaP - Gallium Phosphide GaAs - Gallium Arsenide

InAs - Indium Arsenide C - Diamond

GaSb - Gallium Antimonide InSb - Indium Antimonide

InP - Indium Phosphide GaAsq14Sby - Gallium Arsenide Antimonide
AlxGaqxAs - Aluminium Gallium Arsenide

AIN - Aluminium Nitride InN - Indium Nitride

BN - Boron Nitride GaN - Gallium Nitride

http://www.matprop.ru/semicond



Exam March 2007 Problem 1

The band structure of a semiconductor 15 shown below. The zero of energy 1s chosen to be the top of the valence band.

6

ENERGY (eV)

L A T A X UK X I

(a) Is this a direct or an direct semiconductor? Why?

(b) What 13 the band gap?

() What are light holes and heawy holes? Explan how wou can determmine the effective mass of the holes from this diagram.



Law of mass action

E.—-FE E —F
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For intrinsic semiconductors (no impurities)

-E
n=p=n=,NN, exp( < ]
/ 2k, T

intrinsic carrier density




log,o(n;) cm

Intrinsic carrier concentration
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Silicon has ~ 5 x 10%? atoms/cm?

Good for thermometer, bad for designing circuits.



Fermi energy of an intrinsic semiconductor

n=p=N_exp Er £, =N, exp E -5
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Temperature dependence of E,
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Properties S1 Ge GaAs
Bandgap Eg 1.12 eV 066 eV 1.424 eV
Effective denstty of states i conduction band (300 E) N 278 % 10%7 g2 1.04 % 10%° 4.45 % 1047 2
Effective denstty of states in valence band (300 K N, 9 8w 10°% g2 6.0 % 104 g2 770 % 108 o>
Effective mass electrons m_r* =098 m_r* =164 i
x & i m =0.067
b py =019 py =0082
Effective mass holes mm* =016 mm* = 0044 mm* =0.082
m mhh* =04% mhh* =028 mhh* =045




Intrinsic semiconductors
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http://lamp.tu-graz.ac.at/~hadley/ss1/semiconductors/intrinsic so.php
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Extrinsic semiconductors

The introduction of impurity atoms that can add electrons or holes
is called doping.

n-type : donor atoms contribute electrons to the conduction band.
Examples: P, As in Si.

p-type : acceptor atoms contribute holes to the valence band.
Examples: B, Ga, Al in Si.




