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Thermodynamic properties of metals

From the band structure measurements, we obtain the electron
density of states.

Jﬁ Electron density of states for fcc gold
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Thermodynamic properties of metals

n= f D(E)f(E)dE, u= f ED(E)f(E)dE.
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http://lampz.tugraz.at/~hadley/ss1/fermigas/sommerfeldtable/sommerfeld.php



Sommerfeld expansion for metals

Chemical potential p
Implicitly defined by
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Close packed — bcc
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Close packed — bce: Am, Be, Ca, Gd, Nd, Pr, Hf, Sc, Sm, Sr, Ti, Tb, Th, T, Y, Yb, Zr

http://lampx.tugraz.at/~hadley/ss1/materials/sgte/SGTE.html



Energy (eV)

Metals, semiconductors, and insulators

From Ibach & Lueth
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Insulators: band gap > 3 eV
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n= T D(E) f(E)dE

From Ibach & Lueth
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Silicon

* Important semiconducting material
e 2nd most common element on earths crust | 83 oA 625

(rocks, sand, glass, concrete)
 Often doped with other elements
 Oxide Si10, is a good insulator

silicon crystal = diamond crystal structure
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Silicon

Silicon is the second most common element in the earth's crust and an important semiconducting material.

Structural properties

Crystal structure: Diamond
Bravais lattice: face centered cubic
Space group: 227 (F d -3 m), Strukturbericht: A4, Pearson symbol: cF8
Point group: m3m (Oy) six 2-fold rotations, four 3-fold rotations, three 4-fold rotations, nine mirror planes, inversion
Lattice constant: @ = 0.543 nm
Atomic weight 28.09
Atomic density Natoms = 4.995 x 10?2 1/em?
Density p = 2.33 g/lem®
Density of surface atoms
(100) 6.78 x 10 1/cm?
(110) 9.59 x 10 1/cm?
(111) 7.83 x 10™ 1/cm?

HM:F d -3 m S
a=5.430A
b=5.430A
c=5.430A
o=90.000°
p=90.000°
y=90.000°

| Conventional unit cell | | Primitive unit cell | | Asymmetric unit ._
2x2x2 3x3x3 SXHXS
Ball and Stick | | Spacefill

H:1 | K:jo | L: 0 _
| show HKL plane || hide HKL plane |
draw atoms in HKL plane

Thickness of HKL planes:

The conventional unit cell is a cube with sides of 0.543 nm.
There are § atoms atoms in the conventional unit cell. (The




Absorption and emission of photons

E

u

i
hf

b

W:g—aa

absorption

hf

hf=Eu—E1E1

emission

(P P - “I —————— EF

24

em f——1— : ﬁa _ b[ t |

- absorption

Im—- JSI-. . !!‘J@”“NJ -
] e e i

8 TN e .

4 —

0 T 2 3 & 5 6 7 8 9ev10

he) —



Direct and indirect band gaps
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Direct bandgap semiconductors are used for optoelectronics



Semiconductors

ENerGY (eV)

ExErGY (eV)
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TABLE1 Common lII-V materials used to produce
LEDs and their emission wavelengths.

Material Wavelength (nm)
InAsSbP/InAs 4200

InAs 3800
GalnAsP/GaSh 2000
GaSh 1800
GaIn, As, P, 1100-1600
Gay 47Ing s3As 1550

Gag 97104 73480 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;,Ga; gAs:Si 830

Al Ga, GAs:Si 650

GaAs, P, , 660

GaAs, Py, 620

GaAsy 5P s5 590

(AL Ga,_)ysIngsP 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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Waurtzite Energy
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1st Brillioun zone of hcp



Conduction band minimum

Free electron dispersion relation
4/

E AN :

Minimum of the conduction band

Near the conduction band minimum, the bands are approximately
parabolic.



Effective mass

— — \2
W k-
E= ( . 0) +E,
2m
K " The parabola at the bottom of the conduction band does not

have the same curvature as the free-electron dispersion
relation. We define an effective mass to characterize the
conduction band minimum.

. R
- dPE)
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m

This effective mass is used to describe the response of
electrons to external forces in the particle picture.



Top of the valence band

In the valence band, the effective mass is negative.

E
: 8
m =———=<0
\ k d’E(k)
dk’
Charge carriers in the valence band are x —h’
. m, = =
positively charged holes. " P E(k)

m*, = effective mass of holes x



Holes

A completely filled band does not contribute to the current.

j= | -e(Dk)f(k)dk

= [ —ev(D() fRYdk — [ —ew()DGe) f (k)i
band empty states

_ j ev(k)D(k) f(k)dk

empty states

Holes have a positive charge and a positive mass.



ENERGY (eV)

Eg=11ev
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Silicon

(—)h2 Energy 300 K Egz 1.12 eV
m., = { E =208V
© d*E E =12eV
> E_=0044 eV
dx E.,=34eV
E,=42eV
<100> 11>
Wave vector
Heavy holes
/ Light holes
Split-off band

http://www.matprop.ru/S1_bandstr#Basic



Holes

Albert Einstein Erwin Schrodinger Paul Adrien Maurice Dirac



Albert Einstein Erwin Schrodinger Paul Adrien Maurice Dirac

d'u ,du .

d_t2 =C y Wave equation
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Albert Einstein Erwin Schrodinger Paul Adrien Maurice Dirac
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Dirac equation
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Free electron Fermi gas
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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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Silicon density of states
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