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Electron
(negative charge)
o o Proton (positive charge)

S
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Simplified representation of the
atom. Electrons travel in
roughly spherical orbits called
“shells”

Neutron (uncharged]
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(a) Hydrogen atom (b) Helium atom
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B 3rd shell
P B e N 18 electrons
Nucleus
29 protons
29 neutrons
\ 4th shell
r/ (Maximum = 32 electrons)
?\ 29th electron
1st shell
2 electrons
2nd shell
8 electrons
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The exact description of a microscopic atom or a solid is extremely complicated.
Our only hope for using quantum mechanics effectively is to make a number of

simplifying assumptions—that is, to make a quantum-mechanical model of the
situation.

Energy The potential-energy
curve U(x)is a
function of position.
We will use energy \ Total energy line
i x<xisa A ~ x>xpisa
Diag rams classically classically
extensively to forbidden . forbidden
portray quantum- region. \ is K = Ew_ gU’_ Tegion.
mechanical " -
models.
T T X
| L \Point of maximum sPeed/ *r
energy diagram Turning points
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Electron configuration table for nitrogen.

silicon (Si) atom using an electron configuration table
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The probability densities of the electron in the 1s, 2s, and 2p states of hydrogen.

12

st o o= (Alad) G 3 10/19/2024




Three-dimensional quantum model of the sodium atom, showing the orbitals and number of electrons in
each orbital.

2pj, orbital (2 electrons)

2p, orbital (2 electrons)

2p, orbital (2 electrons) 15 orbital (2 electrons)

2s orbital (2 electrons)
3s orbital (1 electron)

X-axis

P Nucleus
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When two atoms are When five atoms are When a large number of
brought together, the brought together, the atoms are brought together,
1sand 2s levels split 1sand 2slevels split the 1sand 2slevels spread
into two components. into five components. into energy bands.
Energy Energy Energy
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I Fann
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Eg (eV)

Crystal 0K 300K
Si | 74 1.14
Ge 0.74 0.67
InP 1.42 1.34
GaP 292 2.20
GaAs 1.52 1.42
CdS 2.58 2.42
CdTe 1.61 1.56
/nO 3.44 3
/nS 3.91 3.6

21

Jﬂugh.e—gsw\w.a

10/19/2024

3igals Alalsiall clally ol jsia i ity cligal)l B el addioy
Ml B S g Sl au gl agibajadly GeShiad) dlliagg (B ol Cilial

Silicon atom

Four valence electrons in
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an electron
Two-dimensional silicon lattice with shared An electron—hole pair is
covalent bonds. At temperatures approaching generated whenever a covalent
absolute zero, 0 K, all bonds are filled, and the bond is broken
outer shells of the silicon atoms are completely full.
25 S (e p = Al G 0 10/19/2024

Movement of charges (holes and electrons) in an intrinsic semiconductor

o Electrons

. @ Holes
The electrons move in

the direction opposite
the external electric
field.

Conduction band

For T > 0, thermal excitation
raises electrons to the
conduction band, leaving
holes in the valence band.

The holes move in the
direction of the external
electric field.

Valence band

R —
Applied E field
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Band Gap Energies, Electron and Hole Mobilities, and Intrinsic Electrical
Conductivities at Room Temperature for Semiconducting Materials

Electrical
Band Gap Conductivity Electron Mobility Hole Mobility
Material (eV) [(Q-m)~Y] (m*/V-s) (m*/V-s)
Elemental
Si 1.11 4 x 1074 0.14 0.05
Ge 0.67 2.2 0.38 0.18
III-V Compounds
GaP 2.25 — 0.03 0.015
GaAs 1.42 1076 0.85 0.04
InSb 0.17 2 X 10* 7.7 0.07
II-VI Compounds
Cds 2.40 — 0.03 —
ZnTe 2.26 — 0.03 0.01
gallium arsenide (GaAs) indium antimonide (InSb);
cadmium sulfide (CdS) zinc telluride (ZnTe)
27 288 e = Al s L 10/19/2024
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E
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! p( kT)

where E¢ = semiconductor bandgap energy in eV (electron volts)
k = Boltzmann’s constant, 8.62 x 10— eV/K
T = absolute temperature, K
B = material-dependent parameter, 1.08 x 10*! K3 - cm™® for Si
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Temperature (K)

500 333 250 200
1016
" Intrinsic carrier
10 - Germanium density versus
T o2 N N temperature
g N \ \.__
*? 1010 \\ \\ \
§ \\ \\
5 10° N N —
g N \Slllcon
S 106 \\ ™~
2 NU N B (K3.cm™®) | E;(eV)
= .
g 10 Gallium mn}g\ Si | 1.08x10° | 1.12
102 N\ Ge | 231x10%° | 0.66
\ 9
GaAs| 1.27x 10? 1.42
10°
2 3 4 5
Reciprocal temperature (1000/7)
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—1.12eV
n? = 1.08 x 10> (K - em™®)(300 K)* exp [ - ]

(8.62 x 103 eV/K)(300 K)
niz = 4.52 x 10"°/cm® or n; = 6.73 x 10°/cm’
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Band gap

Valence band (shell 3)

Second band (shell 2)

First band (shell 1)
Nucleus
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Electron current in intrinsic silicon is
produced by the movement of thermally
generated free electrons.
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@ A valence electron moves @ A valence electron moves
into 4th hole and leaves into 2nd hole and leaves D A free electron

a 5th hole. i 3d hole: leaves hole in
valence shell.

©) A valence electron moves\ (@) A valence electron moves \(2) A valence electron moves
into Sth hole and leaves into 3rd hole and leaves into Ist hole and leaves »@

a 6th hole. a 4th hole. a 2nd hole. Sv
2
b
4
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Guki e o B p Al <) e glidl OA (e salall bl saat
S Jiall Alaind it Jal sa drift <o sf & ami | A S Jia
Caoall U sa AL S Jaal) gadat e gl | (galaall

AV AL ) L S Adle Laad Drift current

Jj=0v (C/lem’) (cm/s) = A/cm?

where j = current density?, the charge in coulombs moving through an area of unit cross section
O = charge density?, the charge in a unit volume

v = velocity of charge in an electric field
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rift Currents And Mo n
Semiconductors
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v, = —u,E and v, = u,E

where v, = velocity of electrons (cm/s)
v, = velocity of holes (cm/s)
1, = electron mobility, 1350 cm?/V - s in intrinsic Si
1, = hole mobility, 500 cm?/V - s in intrinsic Si
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