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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 Si.
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n and p

The electron density and hole density are:

E,.—E L, —Ep
n=N ex LA — p:Nvexp[ j
‘ p( k,T ] kT

The law of mass action:
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Ionization of dopants

Easier to 1ionize a P atom in Si
than a free P atom
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Ionization energy is smaller by a factor:
m\ &.&,

Ionization energy ~ 25 meV
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Crystal growth

Czochralski Process
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Crystal growth

Float zone Process

Neutron transmutation

0Si+n — 3Si+y
31ISi —» 3P+ B

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 q
Source materials
F carrier gas
(b) : Substrates

: (C): heater T

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

A

v

D(E)
n-type: n ~ N, Many more electrons in the conduction band
than holes in 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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p-type (extrinsic)
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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
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At high temperatures, extrinsic
semiconductors have the same
temperature dependence as intrinsic
semiconductors.



Ionized donors and acceptors

For £, + 3k T < Ep<E_-3kgT Boltzmann approximation

NZ; = NZ‘ I N— — NA
F—*bp 4 E —F
1+2€Xp( T j 1+4exp[ 4 F)
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™ N, = ionized donor density cm™

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



Charge neutrality

n+Ny=p+ Ny

log [ Ticm®]

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

Fermi energy of an extninsic semiconductor iz plotted az a function of temperature. At each temperature the Fermm energy was calculated by requining that charge neutrality be satisfied.
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Once the Fermi energy 15 known, the carner densites 1 and p can be calculated from the formulas, n = N, (%) exp( EE;E) and p = N, (%) e:ncp( F‘;:_;.:F) :
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http://lamp.tu-graz.ac.at/~hadley/psd/L4/eftplot.html



Why dope with donors AND acceptors?

Bipolar transistor

collector base emitter

T 9
\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



degenerately doped semiconductor
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Degenerate semiconductor

Heavily doped semiconductors are called degenerately doped

Np,>0.1 N, -> E1in the conduction band
N,>0.1 N, -> E1in the valence band

Heavy doping narrows the band gap
The Boltzmann approximation 1s not valid

Degenerate semiconductors = metal
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Carrier Transport

Ballistic transport

Drift

Diffusion

Generation and recombination

The continuity equation
High field effects



Ballistic transport

_ . . dv
F=ma=—el=m j -
t ,I'/F “\" Glass envelope
. PN
I Plate {ancde)
‘—}' _ ekt 4+ ‘—}’ |I A, [ {cathode)
= 0 \ ......
m |
\
7,2
_ —eEt" _ _
X = +Vv,l+ X,
2m

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



Drift

The electrons scatter and change direction after a time .

Classical equipartition: %mvfh =k, T
At300K, v, ~ 107 co/s.

mean free path: /=v,, 7. ~ 10 nm ~ 200 atoms




Drift (diffusive transport)

. . dv time between two collisions
F=—-eE=ma=m — )
dt &
L eE 4 N \j“"t
y = VO — (t — tO) 0 ™™ 0.,
m | .
<y,>=0 <t-1> =1,
. —eEr, —eE/l
Vd = * - *
m my

— —>

drift velocity: Vv, =—#,E v, , =M E



Drift

—>
—>

drift velocity: Vv, =—#,E vy, =M E

]: —neﬁd,n +pe\7d’p = (”eﬂn +P€,Up)E —oF

_—er, —el
/Ll - * - %
m my

for Si: p_ = 1350 cm?/Vs
u, = 450 cm?/Vs

For £=1000 V/cm v,=10° cm/s



y [pm] 0

z [um]

http://lampx.tugraz.at/~hadley/psd/L5/drude.php



Drift

E, b by m /m, m’,/m, ) Density M?:ﬂ:,:‘,g g

(eV)  [em®/Vs)  [em®/V-s) (my, my) (myn, M) a (Al & lg/em’) g =
Si (i/D) .11 1350 480 098,019 016,049 543 118 233 1415 =
Ge (i/D) 0.67 3900 1900  1.64,0.082 004,028 565 16 5.32 936 &
SCl) (/W] 286 500 - 0.6 1.0 308 102 321 2830 =
AlP li/2) 2.45 80 - - 0.2,0.63 5.46 9.8 240 2000 3
AlAs (i/2) 2.16 1200 420 2.0 015,076 566 109 360 1740 S
AlSb (i/2) 1.6 200 300 0.12 0.98 6.14 11 426 1080 o
GaP (i/2 2.26 300 150 112,022  0.14,079 545 111 413 1467 &
GaAs (d/2) 1.43 8500 400 0.067 0.074,0.50 565 132 531 1238 S
GaN  (d/ZW 34 380 — 0.19 0.60 4.5 122 6.1 2530 2
GaSb d/2 07 5000 1000 0.042 0.06,023 609 157 561 712 22
InP (d/2) 1.35 4000 100 0.077 0.089,0.85 587 124 479 1070 a
InAs (d/2) 036 22600 200 0.023 0.025,0.41 606 146 567 943 =)
InSb d/2 0.8 105 1700 0.014 0.015,0.40 648 177 578 525 8
ZnS d/Z W) 3.6 180 10 0.28 . 5409 89 409  1650° S
ZnSe d/2 27 600 28 0.14 0.60 5671 92 565  1100° a
ZnTe (d/2 225 530 100 0.18 0.65 6101 104 551 1238 %%
cds (d/W, 2] 2.42 250 15 0.21 0.80 4137 89 482 1475 =
CdSe  [dW  1.73 800 = 0.13 0.45 430 102 581 1258 e
CdTe (d/2) 1.58 1050 100 0.10 0.37 6482 102 620 1098 @
PbS (i/H) 0.37 575 200 0.22 0.29 593 170 7.6 1119
PbSe (i/H) 0.27 1500 1500 = - 6.147 236 873 108
PbTe (i/H 029 6000 4000 0.17 0.20 6.452 30 8.16 925

Vi, =—M,E Vip = ,upE =—nev, +pev, = (ne,un +pe,up)E =okE



Matthiessen's rule

1 1 1
= +
TSC Tsc,lattice z-sc,impurily
/ ™ mostly temperature independent

phonons, temperature dependent

1 1 1
= +
H H lattice H impurity

\

o = l = neu + peu doping increases the conductivity
0 " P by increasing the carrier density
but decreases the mobility




