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Extrinsic semiconductors

The introduction of impurity atoms that can add electrons or holes
is called doping.

n-type : donor atoms contribute electrons to the conduction band.
Examples: P, As in Si.

p-type : acceptor atoms contribute holes to the valence band.
Examples: B, Ga, Al in S1.
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The electron density and hole density are:
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The law of mass action:
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lonization of dopants

Easier to 1onize a P atom in Si
than a free P atom
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[onization energy 1s smaller by a factor:
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Ionization energy ~ 25 meV
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Crystal growth

Czochralski Process
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polysilicon, of the seed the crystal pulllng with a residue
doplng crystal growth of melted sllicon
add dopants to the melt
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Crystal growth

Float zone Process

Neutron transmutation

0Si+n— 3Si+y
31Si—» 3P+

image from wikipedia



Gas phase diffusion

AsH; (Arsine) or PH; (phosphine) for n-doping
B,H¢ (diborane) for p-doping.

http://www.microfab.de/foundry/services/diffusion/index.html



Chemical vapor deposition

q
Source materials
F carrier gas
(b) : Substrates

(C) : heater

N
=

Epitaxial silicon CVD SiH, (silane) or SiH,Cl, (dichlorosilane)
PH; (phosphine) for n-doping or B,H, (diborane) for p-doping.

image from wikipedia
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Donors

Five valence electrons: P, As

States are added in the band gap just below the conduction band

E, 7Y / ------------ EA(T=0)
ED

Eg
E, Y BN

v

D(E)
n-type: n ~ N, Many more electrons in the conduction band
than holes 1n the valence band.

majority carriers: electrons; minority carriers: holes



Acceptors

Three valence electrons: B, Al, Ga

States are added in the band gap just above the valence band

A

D(E)
p-type: p ~ N, Many more holes in the valence band than
electrons in the conduction band.

majority carriers: holes; minority carriers: electrons



Donor and Acceptor Energies

Semiconductor | Donor | Energy (meV) Semiconductor | Acceptor | Energy (mmeV)
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Temperature dependence
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Physics of Semiconductor Dewices

Feturn to

bl Temperature dependent conductivity

list

Lagin A doped sermiconductor makes a transihon from extrinsic behawor to intnnsic behawior when number of thermally
activated charge carriers equals the number of dopants. What 15 this temperature for siicon doped with boron at
4EH17 con 7

Bz 15 slightly temperature dependent but use Bo=1.12 eV, M =278 = 10 172 and My =084 = 10 1 1o
estimate the transition temperature.
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p-type

p-type N, > Np, n~0
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For p-type, p ~ density of acceptors,
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Intrinsic / Extrinsic

Intrinsic: n =p

Conductivity strongly temperature dependent near room
temperature

Extrinsic: n # p

Conductivity almost temperature independent at room
temperature



Intrinsic semiconductors

log,(n;) cm
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At high temperatures, extrinsic
semiconductors have the same
temperature dependence as intrinsic
semiconductors.



Why dope with donors AND acceptors?

Bipolar transistor

collector base emitter

L9
\n\p\“ ///

lightly doped p substrate




MOSFET

body source

polysilicon gate

drain

inversion layer gate oxide
channel

Bipolar Junction Transistor

Oxide isolated integrated BJT - a modern process



lonized donors and acceptors

For £, + 3k;T < Ep<E_-3kgT Boltzmann approximation
Nl-; = sz E N— — NA
_ 4
1 + 2 eXp ——— EA _ EF
kT 1+4exp
? / kBT

4 for materials with light
holes and heavy holes (S1)

2 otherwise
N, = donor density cm™ N," =ionized donor density cm™
N, = donor density cm™3 N, = ionized donor density cm™

Mostly, N, =Npand N,/ =N,



Charge neutrality

n+Ng=p+Ny

log [ 1icm®]

Carrier concentration vs. Fermi energy
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Calculating E-(T) numerically
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Fermi energy vs. temperature

Fermmi energy of an extrinsic semiconductor iz plotted as a function of temperature. At each temperature the Fertm energy was calculated by requiring that charge neutrality be satisfied.
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Once the Fermi energy 15 known, the carner densites n and p can be calculated from the formulas, n = N, (%) exp(
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degenerately doped semiconductor
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Degenerate semiconductor

Heavily doped semiconductors are called degenerately doped

Np,>0.1 N. -=> E1n the conduction band

N,>0.1 N, -> Ein the valence band

Heavy doping narrows the band gap
The Boltzmann approximation is not valid

Degenerate semiconductors = metal
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it Carriers in a doped semiconductor
list
Lot clicon 15 doped »-type at 2E+15 crm and p-type at 2E+16 oo, Asumrrang that all of the dopants are 1omzed, what
15 the density of electrons i the conduction band and the denstty of holes i the valence band?
n= crn
P= oo
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Forsithcon, =15 = 1010 o 2t 300 B
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Carrier Transport

Ballistic transport

Drift

Diffusion

Generation and recombination

The continuity equation
High field effects



Ballistic transport

Glass envelope

Plate {anode)

Filament {cathode)

Electrons moving in an electric field follow parabolic
trajectories like a ball in a gravitational field.
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show graph show
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