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200 mm and 300 mm Si wafers.

| SOURCE: Courtesy of MEMC, Electronic Materials, Inc.

From Principles of Electronic Materials and Devices, Third Edition, S.0. Kasap (© McGraw-Hill, 2005)



GaAs ingots and wafers.

GaAs is used in high speed
electronic devices, and
optoelectronics.

| SOURCE: Courtesy of Sumitomo Electric
Industries, Ltd.

From Principles of Electronic Materials and Devices, Third Edition, S.0. Kasap (© McGraw-Hill, 2005)



Semiconductors
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(a) A simplified two dimensional illustration of a Si atom with four hybrid
orbitals, Vhyb. Each orbital has one electron. (b) A simplified two dimensional

view of a region of the Si crystal showing covalent bonds. (c) The energy band
diagram at absolute zero of temperature.

Fig5.1 6
From Principles of Electronic Materials and Devices, Third Edition, S.0. Kasap (© McGraw-Hill, 2005)



A two dimensional pictorial view of the Si crystal showing covalent
bonds as two lines where each line is a valence electron.

Fig 5.3 7
From Principles of Electronic Materials and Devices, Third Edition, S.0. Kasap (© McGraw-Hill, 2005)



Electron Affinity

Si crystal in 2-D
orbitals \
Vhyb P Electron energy
A
: : Y - T Ec+
\Valence © © © o
. o0 e e e
electron .
\ ‘e : 0 I 0 : o0 Ec
o - : -
[ ) \IIB o0 L] ® o Bandgap - Eg
\
\ : 0 ° 0
® S S S B A BB R B L S
SRR R R R
Si ion core /0000000000 0000
. . A AR R S
(+4e) . © 1 © /0000000000000 0
R SR SR R o o o = o S
(@) (b) (c)

CONDUCTION
BAND (CB)
Empty of electrons
at 0 K.

VALENCE BAND
(VB)

Full of electrons

at 0 K.

e Electron Affinity=X=Potential Energy an electron must
overcome to leave the material, from conduction band

edge (Ec)

Fig 5.1

From Principles of Electronic Materials and Devices, Third Edition, S.0. Kasap (© McGraw-Hill, 2005)




Intrinsic Semiconductors
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Energy band diagram of a semiconductor. CB is the conduction band and
VB is the valence band. At 0 K, the VB is full with all the valence
electrons.

Fig 5.2 9
From Principles of Electronic Materials and Devices, Third Edition, S.0. Kasap (© McGraw-Hill, 2005)



Photons Energy as a Source for
Electron-Hole Pair Generation
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(a) A photon with an energy greater than Eg can excite an electron from the VB to the
CB. (b) When a photon breaks a Si-Si bond, a free electron and a hole in the Si-Si bond is
created.
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From Principles of Electronic Materials and Devices, Third Edition, S.0. Kasap (© McGraw-Hill, 2005)



Thermal Energy as a Source of
Electron-Hole Pair Generations

Thermal vibrations of atoms can break bonds and thereby create electron-
hole pairs.
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From Principles of Electronic Materials and Devices, Third Edition, S.0. Kasap (© McGraw-Hill, 2005)
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A pictorial illustration of a hole in the valence band wandering around the crystal due to the tunneling of electrons
from neighboring bonds.
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From Principles of Electronic Materials and Devices, Third Edition, S.0. Kasap (© McGraw-Hill, 2005)



Arsenic doped Si crystal. The four valence electrons of As allow it to
bond just like Si but the fifth electron is left orbiting the As site. The

energy required to release to free fifth-electron into the CB is very
small.

Fig 5.9
From Principles of Electronic Materials and Devices, Third Edition, S.0. Kasap (© McGraw-Hill, 2005)
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n type Semiconductors
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Energy band diagram for an n-type Si doped with As. There are donor energy
levels just below E_ around As* sites.

From Principles of Electronic Materials and Devices, Third Edition, S.0. Kasap (© McGraw-Hill, 2005)



Boron doped Si crystal. B has only three valence electrons. When it
substitutes for a Si atom one of its bonds has an electron missing and

therefore a hole as shown in (a). The hole orbits around the B~ site by
the tunneling of electrons from neighboring bonds as shown in (b).
Eventually, thermally vibrating Si atoms provides enough energy to

free the hole from the B~ site into the VB as shown.

Fig 5.11 15
From Principles of Electronic Materials and Devices, Third Edition, S.0. Kasap (© McGraw-Hill, 2005)



p type Semiconductors
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Energy band diagram for a p-type Si doped with 1 ppm B. There are

acceptor energy levels just above Ey, around B~ sites. These acceptor
levels accept electrons from the VB and therefore create holes in the VB.

Fig 5.12 16
From Principles of Electronic Materials and Devices, Third Edition, S.0. Kasap (© McGraw-Hill, 2005)
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Energy band diagrams for (a) intrinsic (b) n-type and (c) p-type
semiconductors. In all cases, np = n;?

Fig 5.8
From Principles of Electronic Materials and Devices, Third Edition, S.0. Kasap (© McGraw-Hill, 2005)



> X
Electrostatic PE(X) = -eVV

Electron Energy

P.E.=-q Vapp

Fi

n-Type Semiconductor
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Energy band diagram of an n-type semiconductor connected to a

voltage supply of V volts. The whole energy diagram tilts because the
electron now has an electrostatic potential energy as well

Fig 5.13 18
From Principles of Electronic Materials and Devices, Third Edition, S.0. Kasap (© McGraw-Hill, 2005)




Drift Current (Ohm’s Law)

= @ s B «
* J: current density A/m?
n: concentration of electrons in Conduction Bandcm
p: concentration of holes in Valence Band3cm

Vieandvy, YRNATUO @St 20A0GASa a
Vde = HeEx  Vgn = HE,

E : Applied electric field =dV/dx
U, and u. : electron and hole drifmobilities
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Mobility

 Mobility is a material property

* A measure of how easily can the electron or hole move
in the material

* Units: m?sectV-

U, and , : electron and hole drifmobilities

_ “le er
lLle R * lLlh — Jj

I m,

7. and g, : electronand hole mean free time
(time between scattering evenis
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Conductivity

‘] :enueEx_I_ep:uhEx
J=0o E,

o = enu, + epu,

o = conductivity ( Ohm1.m1
= =1/ (Ohm.m)

Resistance = — (Ohm)
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Electron Diffusion Current Density

n (xi) » Net electron diffusion flux
« Electric current dn
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(@) (b)
(a) Arbitrary electron concentration #(x,?) profile in a semiconductor. There
is a net diffusion (flux) of electrons from higher to lower concentrations. (b)
Expanded view of two adjacent sections at x,. There are more electrons
crossing x, coming from left (x,-4) than coming from right (x,+4).
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From Principles of Electronic Materials and Devices, Third Edition, S.0. Kasap (© McGraw-Hill, 2005)



Hole Diffusion Current Densuty

P ()iir) » Net hole diffusion flux
* Electric current
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D, : Holes diffusion
constant

Arbitrary hole concentration p(x,7) profile in a semiconductor. There
is a net diffusion (flux) of holes from higher to lower concentrations.
There are more holes crossing x, coming from left (x,-¢) than

coming from right (x,+74).
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Example of Presence of Both Drift and

Diffusion Current
Semitransparent electrode

n-Type Semiconductor
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When there is an electric field and also a concentration gradient, charge
carriers move both by diffusion and drift. (Ey is the electric field.)

Fig 5.31
From Principles of Electronic Materials and Devices, Third Edition, S.0. Kasap (© McGraw-Hill, 2005)
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Total Current

[
+

For Electrons: = + S

For Holes: = — —
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From Principles of Electronic Materials and Devices, Third Edition, S.0. Kasap (© McGraw-Hill, 2005)



Example

Consider a sample of n-type Si doped with N, =
cm~3. Over a length of 1 g#m the electron concentration
drops from 10 cm= to 10 cm=3. Calculate the
current density due to diffusion.  >_f 1200 cm?/Vs

d.
J =enu E_+eD “ar

dx
J, = -eDnd—n

dx

an/ax = (101 —101%) cm=3/10* cm = 9.99*10%° cm ™.
J,diff =141 Alcm?,
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From Principles of Electronic Materials and Devices, Third Edition, S.0. Kasap (© McGraw-Hill, 2005)



