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The electrical contribution to the
thermodynamic properties of insulators
depend on band edges

Boltzmann approximation

The table below gives the contribution of electrons in intrinsic semiconductors and msulators to some thermodynamic quantities. These results where calculated i the Boltzmann approzimation where it is
assumed that the chemical potential les m the band gap more than 2kgT from the band edge. The electronic contnbution to the thermodynamic quantities are usually much smaller than the contnbution of the

phonons and thus the electronic components are often simply ignered.
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Intrinsic semiconductors

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, for E<E,
D(E)=<0 for B, < 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 'density of states effective masses' mj, and m? or the 'effective density of states at 300 K' N, (300) and IV, (300). To calculate m; and

mg you determine ), and ), from a band structure calculation and then calculate the effect mass that would be needed to produce the same density
nr
2m* "

of states from a dispersion relation consisting of a single isotropic parabola F =

B, ==0" p
In2h3 2R3

In the Boltzmann approximation, the concentration of holes in the valence band p and electrons in the conduction band n are given by,
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Narrow bandgap semiconductors

/

Use the programs for metals for small bandgap semiconductors.
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Effective Masses

Flectrons:
The surfaces of equal energy are elipsoids.

= [. 9 &,
= 1. 1 9t
Effective tass of density of states 1y = 0. 361,

There are 6 equivalent walleys i the conduction hand.

= U, 2611,
Holes:
Heawry mny = 0.4%1m,
Light myp = 0. 1fimg
Spht-off band Men = 0. 24111,

Effective mass of density of states 1w = 0.8 11114
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Large gap -> large effective mass
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Measuring the effective mass

Cyclotron resonance 0, = —

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.
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indirect bandgap
Ak # 0

phonons are
emitted

direct bandgap:
Ak=0

ENERGY

photons can be
emitted
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Direct and indirect band gaps

Momentum must be conserved
when photons are absorbed or
emitted.



TABLE1 Common lII-V materials used to produce

LEDs and their emission wavelengths.

Material Wavelength (nm)
InAsSbP/InAs 4200

InAs 3800
GalnAsP/GaSh 2000

GaSb 1800
Ga,In,_As, P, 1100-1600
Gay ,-Ing s3AS 1550

Gay 571N 73A80 630,37 1300
GaAs:Er,InP:Er 1540

Si:C 1300
GaAs:Yb,InP:Yb 1000

Al Ga,_As:Si 650-940
GaAs:Si 940
Aly;,Gay gAs:Si 830

Al ,Gag ;As:Si 650
GaAsy:Py 4 660

GaAs, Pye 620
GaAs; 5P s 590

(AL Ga,_)sIng ;P 655

GaP 690

GaP:N 550-570
Ga,In, N 340,430,590
SiC 400-460

BN 260,310,490

Light emitting diodes
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Extrinsic semiconductors

The introduction of impurity atoms that can and 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.

IITA IVA VA VIA
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B|C|N|O

= | Al SI|P|S
Zn| Ga|Ge | As | Se

48 49 50 51 52

Cd| In|Sn|Sb| Te




lonization of dopants

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

. 2
Ionization energy 1s smaller by a factor: m|_%
mi &¢,

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 Ro1j, and H. van Kempen

Research Institute for Materials, University of Nijmegen, Toernooiveld 1, 6525 ED Nijmegen, The Netherlands
(Received 25 July 1995)

25A

- =

Distance




Crystal growth

Czochralski Process
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Meltlng of Introduction Beglnning of Crystal Formed crystal

polysilicon, of the seed the crystal pulllng with a residue
doplng crystal growth of melted sllicon
add dopants to the melt

images from wikipedia



Crystal growth

Float zone Process

Neutron transmutation

0Si+n— 3Si+y
3ISi —» 3P+

image from wikipedia



Chemical vapor deposition

q
Source materials
F carrier gas
(b) : Substrates

(C) : heater

N
=

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

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

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



lon imEIantation

e ) |/--x\| ( ---\I ( \I
O U A\ substrate
™

s Udecell_

separation magnet

LU accell

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

EC A ___4 ____________ M(T:O)
ED

Eg
E, ¥ \

v

D(E)
n-type: N ~ Ny Many more electrons in the conduction band
than holes 1n 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
= P 45 = Ga 72
bg 54 In 160
I} 9.3 E 10
=h 9.6 Al 10
Ge P 12 Ge Ga 11
Ag 13 11
=1 5.8 i 26
(38 6.0 Ee 25
Gaks g 6.0 Gaks Mz o8
= &0 =1 45

Energy below the conduction band

;

Energy above the valence band
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p-type

p-type Ny, > Np, n~0
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Intrinsic semiconductors Extrinsic semiconductors
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Energy spectra of
donors in silicon

Fic. 6. Energy levels of donors
in silicon. The theoretical spectrum
is based on the dielectric constant
appropriate for liquid-helium tem-
perature, K=11.40. The experi-
mental spectra have all been
arranged so that the 2P, level in
each is lined up with the theoretical
2P, level. The width of each level
represents its experimental un-
certainty, with the exception of Bi,
for which no experimental error was
quoted.
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lonized donors and acceptors

For E, + 3KgT < p < E.- 3kgT Boltzmann approximation
N S = N D E N - N A
H—Ep A E —
1+2€Xp( k.T j 1+4exp| —2 H
° o KeT

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

Np = donor density cm™ Np* = ionized donor density cm™

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

Mostly, Ng" = Np and N, =N,



Charge neutrality

N+ Ny=p+Np'

log [ 1icm®]

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

Ferrmi energy of an extrinsic sermiconductor is plotted as a function of temperature. &t each temperature the Fermi energy was calculated by requinng that charge neotrality be satisfied.
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Omnce the Fermi energy is known, the carrier densities m and p can be calculated from the formulas, n = N, ( %) exp ( Ei;f‘) andp = N, ( %) exp ( EL_BfF ) :
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Why dope with donors AND acceptors?

Bipolar transistor

collector base emitter

L9
\n\p\“ ///

lightly doped p substrate




MOSFET

body source

polysilicon gate

drain

inversion layer gate oxide
channel

Bipolar Junction Transistor

Oxide isolated integrated BJT - a modern process



