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Absorption and emission of photons
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Direct and indirect band gaps
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Direct bandgap semiconductors are used for optoelectronics



Semiconductors

ENERGY (eV)

Exeray (eV)

—

Silicon |
Eg=11ev
at 300K

4—5—3[

100]

Gallimm Arsenide

EEE = 1 .43eV
fat 300K

[111]  [100]
- | —

(a)

(c)

ENERGY

LGemmniﬁm
=l Ey=0060eV
i at 300K
4l
3
2 |
D3 / \
i\ N
= 1E  liwo
ol _13_
—1} ff K
. fr H'-. -
g Jf'l \-i \
| "

L [111] T [100]X

| Indium Arsenide !

Eg =35V

at 300K

L [1'11] T [100]%

*—

(b)

(d)

Aluminum Arsenide

6 I
Eg=215V
2l at 300K ky
4L
3 ) =
:E B :J,|?s. L?
o o
Z =0l % Y
B
1 l,l" \ k'l_.'
sl f ‘.lll ;
/ \
3L / \I
Y - i
L [111] T [100]X
| Indium Phosphide |
6 T
E,=134eV
& afsoox
4_
_ % _—/\_| « Conduction band
= 2fos | N/ [oo
o 1_’9 x 4
& 2
of : \
4aF f
N \'a\\ *~ Valence band
E / \
3L JII-' ]'.
= .||l 1
L [111] T [100]X
— f—



TABLE1 Common llI-V materials used to produce
LEDs and their emission wavelengths.

Material Wavelength (nm)
InAsSbP/InAs 4200

InAs 3800
GalnAsP/GaSb 2000
GaSb 1800
GaJIn,_As, P, 1100-1600
Ga, -In, 3As 1550

Gag o710 734806380 57 1300
GaAs:Er,InP:Er 1540

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

Al Ga,_As:Si 650-940
GaAs:Si 940

Al 1,Gag gAs:Si 830

Al, ,GagsAs:Si 650

GaAs, 5Py 660

GaAs, P 620

GaAsg 5Py 55 590
(ALGa,_ )y 5In, 5P 655

GaP 690
GaP:N 550-570
Ga,JIn,_ N 340,430,590
SiC 400-460

BN 260,310,490

Light emitting diodes
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GaN
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Conduction band minimum

R

2 c Free electron dispersion relation
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Minimum of the conduction band

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



Effective mass

w(E-R)

* c

E=

2m

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
- dPEk)
dk’

m

This effective mass 1s 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 1s negative.
E

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

m*, = effective mass of holes X



Holes

A completely filled band does not contribute to the current.

7= f —et(k) D(k)dk
filled states
- j —e(k) D(k)dk — j —ew(k) D(k)dk
band empty states

= f eB(k) D(k)dk
empty states

Holes have a positive charge and a positive mass.
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D(E)

Free electron Fermi gas
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Semiconductors and insulators - 1d
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Semiconducting carbon nanotubes
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Semiconductors and insulators - 2d
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Semiconductors and insulators - 3d
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Boltzmann Approximation



Density of electrons in the conduction band

The free electron density of states is modified by the effective mass.

1 u—F
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Density of electrons in the conduction band

n= bj D(E)f(E)dE ~ D, bj exp( T j E—E dE
=D, exp po kb, jexp _E-E, E-E dE
kT )3 T
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Density of holes in the valence band
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Density of holes in the valence band

12.5

10.0

D(E) [eV1lem3] 75
x 10739
5.0

0.0

E [eV]"

E,—u V1D, 3 E,—u
p = D = k. T)3/2
Ny ex ( kgT > 2 (ke T)™ exp kgT

* 3/2
N, =2 ( mthsz = Effective density of states in
27ch the valence band



Law of mass action
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Chemical potential of an intrinsic semiconductor

H—E E, —u
n=p=N ex < =N ex Y
P ¢ P[ j v P[ kT j




Boltzmann approximation

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(FE) =4 0, for B, < E < E,

\ D.vE—E,, forE.<E

1d 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
sses' m; and m; or the 'effective density of states at 300 K' N,(300) and N.(300). The relations to D, and D, are,

i (2m;)*?  /mwN,(300) B (2mg)32  /mN.(300)
O 2m®Rd 2(kgT)¥? ] o 2m2R: 2(kgT)Y2?

[

w 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
tes are occupied. At high energies the Fermi function goes to zero and those states are unoccupied. In the limit of low temperture, the chemical potent
ap, 1 = E,/2. As the temperature increases, the chemical potential moves towards the band with the lower density of states.
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The electrical contribution to the
thermodynamic properties of insulators
depend on band edges

Boltzmann approximation

The table below gives the contnbution of electrons in intrinsic sermiconductors and msulators to some thermodynamic quantities. These results where calculated i the Boltzmann approzimation where it iz
assumned that the chemical potential hies in the band gap more than 35gT from the band edge. The electronic contribution to the thermodynamic quantities are usually much smaller than the contribution of the

phonons and thus the electronic components are often simply ignored.

1-d 2-d
1 | 2m, " f(E,~E) E<E
DT A WE 4 2 H(E,-E) EXE,
_ AT y(E,-E) ' rr
Density of states v D(E)= 0 T ST ™
me* and mh* are 'density of states' D(E) = 0 Ev <H < EC I'm? 4 z s
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5 H{(E-E) E=E
1 f—zme E>E, A ( ) ‘
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2.33 28.086
Silicon Si

3s23p?

543

* Important semiconducting material
* 2nd most common element on earths crust | 183  pA 625

(rocks, sand, glass, concrete)
 Often doped with other elements
* Oxide S10, 1s a good 1nsulator

silicon crystal = diamond crystal structure
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== Silicon

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

Materials

Student
projects 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 nazoms = 4.995 x 10?2 1/cm?
Density p = 2.33 g/cm?
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 mS
a=5.430A
b=5.430A

: Conventional unit cell || Primitive unit cell || Asymmetric unit ]
2x2x%x2 3x3x3 5%5x%x5
Ball and Stick | Spacefill

H: 11 K:0 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 8 atoms atoms in the conventional unit cell. (The




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 GaAsq1xSby - Gallium Arsenide Antimonide
AlyGaqAs - Aluminium Gallium Arsenide
e o 300K E=112eV¥
AIN - Aluminium Nitride £o20 -
. E =128V
BN - Boron Nitride E =0044 eV
E =346V
E,=42eV
M‘______h‘_
EL
<100> <111>
Wave vector
Heavy holes
http://www.matprop.ru/semicond Cse
Split-off band




Intrinsic semiconductors

Tn the Boltzmann approximation, the density of states of a semiconductor is,

2m‘
Sl " JE.—E, #E<E,

D(E)=< 0, iy Bt i

22"’";&1 VE—E., €E<E

Here m and mj are the 'density of states effective masses' for electrons and heles. Usually m the literature, effecttve density of states at 300 K 1z given mstead of the 'density of states effective masses’ The
relationship between the two 1s,

m;, = g (VEN,(300) i
2/3

my = 2 (\/_N (300)) g

3/2 3,2 _E
In an mtrinsic semiconductor, the density of electrons equals the density of holes, n = p=mn; = \/N.: (%) Ny ( ﬁ]‘u) EXP( ﬁ )

By zetting the concentration of electrons equal to the concentration of holes, it i3 possible to solve for the chemical potential. The bandgap of most setniconductors is temperature dependent. The form below
lets you input the temperature dependance of the bandgap, The bandgaps for some semiconductors can be loaded nto the form with the buttons on the right.

=N, {300)(300) e exp(“_ ) = Nt.{BUU)( )3;2 exp(i'_ﬁ)

E.+E, N.(300)
7 T kﬁﬂn(m{sﬂuj ) '

135
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LT
el W E
_-""-__ - -
M(Z00E)y=278E14 1fem?® )
075 - - Semiconducter
v Eg— 'l 166-4.73E-4*T* ,."I:T+E3E) fE:V
B V] g5 \ =50 -
Tp=1000 = K
022 Feplot

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



Narrow bandgap semiconductors

/

Use the programs for metals for small bandgap semiconductors.
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Large gap -> large effective mass
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narrow bands -> large effective mass

[



