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Semiconductor physics

How do we go from this...

to this?

1 =Is(e

vp/nVr _ 1}

What determines current?

« # of charge carriers

- state and carrier
distribution

« Speed of charge
carriers
— mobility, drift, diffusion
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Crystalline silicon
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3D lattice: each Si atom bonded to 4 neighbors
Density: 5x10%¢ atoms/cm?

Distance between atoms: 0.235nm

Q: If Si transistor gate is 15nm wide, how many
atoms wide is the gate?



Review of electrostatics
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« Charge
— Basic unit: Coulomb
— q (charge of an electron) =1.6 x 10-° C
« Current

-1A=1C/1sec
 Electric field: force per unit charge

0O,

4 €, 7"

San Q5 ‘ =



Review of electrostatics ...
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increasingenergy
lower potential

« Energy=Work: force x distance
— Basic unit: Joules

» Potential = Work per unit charge
— Basic unit: 1 Volt=1J/1C



Energy levels

E, =- BOev, n=123,...

1

@ | eV =1electron - volt

=1.6x107"" joules \
There are actually sublevels /

w/in these levels.

Hydrogen atom



Rules for electrons

E,

+ Tend to settle to lowest levels. / elecions
®
®
+ Need extra energy to move to l) ahte
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higher levels. /.S thermal
e energy
» Can move to lower or equal Ey £y
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Periodic Table of Elements
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Roman numeral at top col indicates # of valence electrons




Isolated Si atom

"IE'H empty
4 r_);*.
ooO®® T 1=
o000 OBOOS =]
LA n=I

n=1
2 electrons

n=>2
8 electrons

n=73 |/
4 electrons

Allowed 8 electrons




Covalent bonding bet. Si atoms
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m Denotes Si nucleus and core electrons (in n=1 & 2)

» Each atom shares 4 electrons w/ its 4
neighbors, filling in 4 previously empty n=3
levels



Transition from monatomic to
crystalline Si

+ Asmany Si atoms are brought closer together, the
energy levels for every atom shifts
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Crystalline Si (N atoms)
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Siin 2D
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How holes move
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* Holes "move” when shared electron moves to
fill it in
« Electrons move faster than holes



Energy band diagram &

carriers
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Energy bands for different

materials
Insulator Semicondudor Metal
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Carriers & electrical properties

More carriers = higher conductivity

Can also increase # of carriers by

doping (introducing impurities)

— Purity of Si used in chips: 99.9999999 %!
(less than 1 non-Si atom in 10° Si atoms)

— Pure Si: intrinsic semiconductor
— Doped Si: extrinsic semiconductor



Intrinsic carrier concentration

» Thermal excitation creates electron-hole pairs
n = number of free electrons / cm’

p = number of free holes /cm’
+ Intrinsic carrier concentration (room temp)

n.=2x10° /em® in GaAs
I 3 - .
n.=1x10" /ecm” in Si

n,=2x10" /em’ in Ge
« For Si at room temp, < 1 bond in 103 broken!
(@assuming 5 x 1022 atoms/cm?)



N, dependence on |
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Adspiad fom Figure 2 20, Plarnet,
Cemriconducior Device Fundamenials.
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Acceptor dopants Donor dopants

« 1in 103to 1 in 108 dopants are typically
introduced to alter Si's electrical properties




Doping: donor action

Donor(electron-increasingdopant)

As  |E,|=0.054eV -
_ B8
N, = donor dopant density . z s
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Increasing 7 Roomtemperature

n = N, for typical dopingsat roomtemp



Doping: acceptor action
Acceptor (hole-increasingdopant) Vilews sers
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N, =acceptor dopant density
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Increasing 7 Roomtemperature

p= N, for typical dopingsat roomtemp



Carrier distribution

« Schematic representation

Intrinsic n-type p-type
® ..-
o0 ‘1Y @
299 E: o990 £: (X ] E:
E,
E, '
EF
o000 E, O 0 E. slelele E
o]e O 000
O o]



Fermi level

 Carrier density and E. are related
—need one to solve the other

_ (Ee—E)kT
n=ne
f

E,

_E.+E,

J'I.r

i

E . = Ferm energy/level

k = Boltzmann constant
= RA17x107 eVK

T =temp In Kelvin

Q: Show np=n7*

» Assumes non-degenerate semicon
— E-not too close to E, or E, (>3kT away)



Computing carrier density in
extrinsic semiconductors

* Previous eqns apply to both intrinsic and
extrinsic semicons

+ Charge neutrality relationship
— assuming total ionization

N, =#donors/cm”

N

p—n+N,—N,6 =0

=# acceptors/cm”

A

« Carrier concentrations
— assuming non-degenerate and Ny or N, == n,

For n-type For p-type
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