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Intrinsic semiconductors

In the Boltzrnann approsximation, the density of states of a zemiconductor 1z,

T‘;h, VE._E, f E<E,

D(E)={ 0, R, LBEE,

‘2:‘;53 VE—E., fE.<E

Here m; and m} are the 'density of states effective masses' for electrons and holes. Usually in the literature, effective density of states at 300 K is given instead of the 'density of states effective masses'. The
relationship between the two is,

2 2/3
m}, = g (VENL(300))

m: = e (VEN(300))

3/2 3/2 _E
In an intrinsic semiconductor, the density of electrons equals the density of holes, n = p=n; = \/Nc ( %) N, ( ﬁ) exp( ﬁ )

By setting the concentration of electrons equal to the concentration of holes, it 13 possible to solve for the chemical potential The bandgap of most semiconductors is tetperature dependent. The form below
lets wou input the temperature dependance of the bandgap. The bandgaps for some semiconductors can be loaded into the form with the buttons on the right.
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Equivalents
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Effective Masses Vaaes
Electrons: kg
The surfaces of equal energy are elipsoids.
= . Bt
= 0. 1%,

Effectrve tnaszs of density of states e = 0. 36m,

There are 6 equiralent walleys i the conduction band.

= (. 26111
Holes:
Heawy my, = .45,
Light mp = 0. 1fimg
Split-off hand ten = 1. 24111,

Effectrve tnass of density of states e = 0.8 1m0,

I Heavy Hole Band
II Light Hole Band
OI Spht-Off Band

A= Split-Off Energy



Intrinsic semiconductors with a split-off band

Iany commen semiconductors such as 31, Ge, and Gadiz have a split-off band just below the walence band. The states in the eplit-off band change the temperature dependence
of the concentration of heles. In the Boltemann approxmation, the density of states of a semiconductor with a splt-off band just below the valence band 1z,
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Here me . m}, and mg, are the 'denstty of states effective masses'. Often in the hterature, effective density of states at 300 K 15 given mstead of the 'density of states effective
masses'. The relationship between the two s,
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The density of states can therefore also be wntten as,
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Semiconductors and insulators - 1d
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Semiconductors and insulators - 2d
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Semiconductors and insulators - 3d
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Boltzmann approximation

The table below gves the contribution of electrons i intrmsic sermconductors and meulators to some thermodynarmic quantihies. These results where caloulated m the Boltzmann approsumation where 1t 15 assumed that the chenucal potential hes in the band gap more than 3kgT

from the band edge. The electrome contribution to the thermodynamic quantes are usually much smaller than the contribution of the phonons and thus the electronic components are often smmply sgnored
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Narrow bandgap semiconductors

/

Use the programs for metals for small bandgap semiconductors.
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Measuring the effective mass

Cyclotron resonance O, =—

Resonant absorption occurs when rf waves with the cyclotron
resonance frequency are applied. This can be used to experimentally
determine the effective mass.

Knowing the effective mass, the scattering time can be calculated
from the measured conductivity.

2
ne Z'SC
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*

m



Extrinsic semiconductors

The introduction of impurity atoms that can and electrons or holes
1s 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.

IITA IVA VA VIA
5 6 7 8

B|C|N|O
= | Al Si|P | S
Zn| Ga|Ge | As | Se

48 49 50 51 52

Cd| In| Sn|Sb| Te




Ionization of dopants

Easier to 1onize a P atom in Si
than a free P atom

. 2
Ionization energy is smaller by a factor: | _%o
m\ €&,

r

Ionization energy ~ 25 meV
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Direct Observation of Friedel Oscillations around Incorporated Sig, Dopants in GaAs
by Low-Temperature Scanning Tunneling Microscopy

M. C.M. M. van der Wielen, A.J. A. van Roij, and H. van Kempen
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Crystal growth

Czochralski Process

Aoy

—
Melting of

polysilicon,
doping

Introduction
of the seed

crystal

Beginning of
the crystal
growth

“-.._________________./

Crystal
pulling

add dopants to the melt

Formed crystal
with a residue

of melted silicon

images from wikipedia



Crystal growth

Float zone Process

Neutron transmutation

0Si+n — 3Si+y
31ISi —» 3P+ B

image from wikipedia



Chemical vapor deposition

q q
Source materials
F carrier gas
(b) : Substrates

: (C): heater T

Epitaxial silicon CVD SiH, (silane) or SiH,Cl, (dichlorosilane)
PH; (phosphine) for n-doping or B,H, (diborane) for p-doping.

image from wikipedia



Gas phase diffusion

AsH; (Arsine) or PH; (phosphine) for n-doping
B,H, (diborane) for p-doping.

http://www.microfab.de/foundry/services/diffusion/index.html



Ion im|:_)lantation
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T lon source

Implant at 7° to avoid channeling




Donors

Five valence electrons: P, As

States are added in the band gap just below the conduction band

v

D(E)
n-type: n ~ N, Many more electrons in the conduction band
than holes in the valence band.

majority carriers: electrons; minority carriers: holes



Acceptors

Three valence electrons: B, Al, Ga

States are added in the band gap just above the valence band

A

v

D(E)
p-type: p ~ N, Many more holes in the valence band than
electrons in the conduction band.

majority carriers: holes; minority carriers: electrons



Donor and Acceptor Energies

Semiconductor | Donor | Energy (meV) Semiconductor | Acceptor | Energy (meV)
I} EX: E 45
, =h 3 : Al &7
>t P 45 = Ga 72
bg 54 In 160
¥} 9.3 E 10
=h 9.6 Al 10
SR P 12 E Ga il
Ag 13 11
=1 5.8 & 26
(e 6.0 Ee 25
Gaks g 6.0 CGaks Mz o8
= 6.0 =1 45

Energy below the conduction band

;

Energy above the valence band
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p-type

p-type N,> N, n~0

p=N,=N exp

E —u

B

u=FE +k,Tln

NV

A

For p-type, p ~ density of acceptors,

n=nplp
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Intrinsic semiconductors

log,(n;) cm’

18 4
16
14 4
12 4

' Ge
10+ logyy 72, p. 124

[¢111'3]

B4 .

_ S1
6 -
4- GaA
2 .
I:I | ! | ! | ! | '

o001 0.002 0.003 I 0004 0.005
/T
300 K

E
n =N N, exp(— 2kgTj

B

Extrinsic semiconductors

13

. . . - n
Intrinsic RS
16 M . M
extrinsic
v
14
—‘—.~\'~u
12 /
freeze-out
10
2
0.005 0.010 0.015 0.020
VT[]

At high temperatures, extrinsic
semiconductors have the same
temperature dependence as intrincic
semiconductors.



Ionized donors and acceptors

For £ +3kyT < u<E_-3kzT Boltzmann approximation

N, N,

NZ;: N—_
lLl_ED 4 —
1+2exp( T ) 1+4eXp(E;é T,uj
/ B

B

4 for materials with light
holes and heavy holes (S1)
2 otherwise

N, = donor density cm™ N," =ionized donor density cm™

N, = donor density cm™ N, = ionized donor density cm™

Mostly, N,"=Npand N,/ =N,



Charge neutrality

n+Ny=p+ Ny

log [ Ticm®]

Carrier concentration vs. Fermi energy -
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Fermi energy vs. temperature

Fermi energy of an extrinsic semconductsr 15 plotted as a function of temperature. At each temperature the Ferm energy was calculated by requiring that charge neutrality be satisfied.
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Cince the Ferrmt energy 15 known, the carrier densities n and p can be calculated from the formulas, n = N, ( ETG) exp ( Ezﬂfc) andp = N, ( FT‘}) exp ( E‘kaf‘: ) :
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Why dope with donors AND acceptors?

Bipolar transistor

collector base emitter

E B
\n\p\“ ///

lightly doped p substrate




