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Free carriers in materials

Metals n~ 1022 cm-3

Semiconductors n~ 108...10'° cm-3

Insulators n <108 cm?-3
isolated atoms

Ax=0.529-108 cm
?A a>>a,

\
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"Two atoms — two levels"

~

The splitting of every level on two levels due to interaction
of atoms. The interaction is tunneling of electrons through
potential barrier. The tunneling becomes considerable

when a = ag



— N levels"

"N atoms
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Metals, Semiconductors, Insulators

n ~ 1022¢cm?-3 n~ 108-10'%cm-3 n < 108cm-3
Metal Semiconductor Insulator
'''''''' Conduction
e band
Energy :t
Eg gap i Eg>3eV
Valence

band
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Dispersion law for free electron in vacuum

E =

*de Broil 1925: p=myv

r— 2T  electron wave vector

A like one for light wave
2171.2
h'k
E=—
2m

According to wave-particle dualism concept the electron possess
simultaneously both particle and wave properties and can be characterized

by wavelength A, wave vector k and impulse p
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Electron in semiconductor

reflected electron wave

electron
wave

permitted
energy states

iEg energy gap

permitted
energy States

As soon as electron possess both particle and wave properties it can be reflected and

diffracted exactly like light wave. In a periodic lattice with period d ), electron wave with

wavelength satisfying Bragg condition (mA=2d ,, m-integer) can not propagate due to

strong reflection from the energy barrier, i.e. electron with the energy in certain interval
(energy gap) can not freely move in crystal.



Electron in semiconductor

Condition of strong reflection
of electron wave

—=m, m=1,2,3... k=—=—m

Forbidden band gaps have to exist
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VE(R)

3 forbidden
1 19ap

at definite wavevectors of electron.



Brillouin zones

VE(K)
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The wavefunctions and electron states are equivalent for Kand K + mg (g=27t/a0, m-
integer): the states M and M”; Pand P’, S and S', F and F' are equivalent. It is not

necessary to use values of |k| larger than 7/a in describing any states. This means, it is

enough to plot the electron energy E(k) vs kK only within first Brillouin zone.



Lecture 2/9

The effective mass of electron

For Kk << T/a,

tE OF 1 &°E
Ek)=Eg+—= k+--—% -k’
Conduction i - .= OEl
band : : E(k) = E(-k), G_E - =(
: : K 1 GZE_
—Tt/a,’ - \Tt/a, E(E):EO+—-—2-1<2
t Bg | | ! 2 ok
: \i\ Forbidd Let's make £, an origin E(E) _ l . 82_E K2
! ~ rorbladen o ew coordinates: 2 ok2
! I gap k=0
Valence ! ! 21.2
: . hk
band , | Free electron: E=——
! 2m
2,2 25 )"
Electron in crystal: E = nk m_ *= 1 . 0"E
— e -
for conduction band 2111e * hz 81(2



Hole concept
Real space

aObbwWDN -

Holes 1n semiconductors
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® negative electron
O positive hole

Hole in k-space

The collective motion of negative electrons in k-space in valence band
is equal to movement of few positively charge holes.
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Holes 1n semiconductor

When valence band is filled by electrons

Conduction N
band Yk; =0 (current = 0)
i=1

If one electron with kj Is removed, the remaining

N-1 electrons are equivalent to the one
positively charged particle with quasimomentum:

Valence
ﬁf\ band

N N
i=1

i=1i#j



Lecture 2/12

Holes 1n semiconductor

For N electrons (fully filled valence band) the
5 1 current is zero. For N-1 there is one electron 2'
3 0 which can contribute to the current density ;.
4@« . B 1 OE
5@ J=—9 " Veps De2'_£'ak
k=k g
- - nk* 1 0E 1k
For electrons in conduction band . D o=—. . I
with parabolic dispersion - x> € - * )
2m, h ok m.* m,
For electrons e 9
in valence band hek )
with parabolic  E = Eo - StartfromE,: E = hk , D, = ﬂ <0
dispersion 2m yp * 2(—mgyg™) —Meyp *
The current of N-1 electrons J ——q- hke2‘
in valence band —Mgyp ¥
Electron effective mass in valence band (VB) is negative (-171 5 *), i.e. electron energy

decreases with quasimomentum (hk ) increase.
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Holes 1n semiconductor

It is more convenient to reduce motion of the electrons with negative effective
mass to motion of the quasiparticles with positive effective mass

m *:'meVB *> () and positive charge.

ik,

my*

Currentisequalto j=+¢q-

This current is equal to the one produced by
N-1 electrons (khZ':keZ') mh*Z—meVB*)

When m electrons are exited from valence band to impurity levels or conduction
band the rest of N-m electrons behave as m holes



EA

Electrons and Holes

— _ 2 272
Conduction — f? | th E = P nk
or electrons e % %
band 2me 2me
|
Energy k, «—E Ak=—-F At
gap kL h
Valence _ 2 Rk
band 5 — F=+qE E, = P ¥
Ehv Ak for holes 2m o 2m h
Semiconductor m. m,
GaAs 0.063 m 0.52 m
InAs 0.023 m 0.41 m
InP 0.077 m 0.85m
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