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doping: small admixture of impurities

doping: impurity atoms that can add electrons or holes

n-doping: donor atoms add electrons in the conduction band P, As in Si

p-doping: acceptor atoms add holes in the valence band Al, B, Gain Si

» change in macroscopic properties (electric conductivity)



lonization of dopants

easier to ionize a P atom in Si than a free P atom

ﬂ remove electron from ground state of a hydrogen-like impurity
O (314 Fom - oaationimea
= ———— ionization in H-atom
" 8e3h?n?

.. . * 2
G a ionization energy is smaller by factor m €0
m Er&o
9 ionization energy ~25 meV




Include dopants

Czochralski process
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Include dopants

float zone process

neutron transmutation

0Gi4+n— 1 8i+y
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image from wikipedia



Include dopants

gas phase diffusion

chemical vapor deposition

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

(©): heater

/ SRR \ image from wikipedia
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(c): heater

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



Include dopants

ion implantation
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implant at 7 degrees to avoid channeling



Simulate dopant distribution  the stopping and range of ions in matter
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Why dope with donor and acceptors ?

Bipolar transistor

collector base emitter

I 9
\n\p\” )

lightly doped p substrate



MOSFET

body source drain

polysilicon gate

inversion layer gate oxide
channel

Bipolar Junction Transistor

Oxide isolated integrated BJT - a modern process



nand p?

Fr — E,
n = Nc (T) €EXP ( ];BT ) are in the conduction band

b, —F
p = NU(T) exXp ( kBT F) are in the valence band

: Lg
law of mass action np = N.N, exp
kpT
n; = v/ NN, exp B
7 ciVv QkBT

2

np = n;



n-doping: increase number of electrons

Five valence electrons: P, As

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

E, x A E(T=0)
ED
Eg
\ 4
E, \
> 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



Donors for Si

donors in Si
v
S 6 7 8
B C N O
Boron Carbon Nitrogen Oxygen

13 S 16

Alsilep s

Aluminium Silicon Phosphorus Sulfur

30 31 32 33 34
/n Ga Ge As Se
Zinc Gallium  Germanium  Arsenic Selenium
48 49
Cd In Sn Sb Te
Cadmium Indium Antimony Tellurium
llb llla IVa Va Via

https://artsexperiments.withgoogle.com/periodic-table/?exp=true&Ilang=en



p-doping: increase number of holes

Three valence electrons: B, Al, Ga

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

E. i /
Eg
E S
E, e — E(T=0)
\ > 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



Donors and Acceptors for Si

acceptors in Si donors in Si
S 6 7 8
12 Boron Carbon Nitrogen Oxygen

13 S 16

Alsilep s

Aluminium Silicon Phosphorus Sulfur

30 31 32 33 34
/n Ga Ge As Se

Zinc Gallium Germanium Arsenic Selenium
48 49
Cd In Sn Sb Te
Cadmium Indium Antimony Tellurium
llb llla IVa Va Via

https://artsexperiments.withgoogle.com/periodic-table/?exp=true&Ilang=en



Donor and Acceptor Energies

Semiconductor | Donor | Energy (meV)
11 43
. =b £
=t P 45
Az 54
L1 95
=b 9.6
Ge P 12
As 14
=1 a8
(e &0
Gads 5 6.0
S 6.0

Semiconductor | Acceptor | Energy (mmeV)

E 45

. Al &7

=t Ga 72
In 160

E 10
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In 11
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Ee 28

(Tads Mg 5%
=1 45

/

Energy below the conduction band

;

Energy above the valence band




Donor and Acceptor Energies (in meV)

energy below the
conduction band

EC
H H
Li B . Be c
F 9.3 Be 10 C N @] F Li 28 B 26 N O F
Al . P Mg S
Cl Na Mg 44 Si 12 S Cl Na = 5g Al n P 6 Cl
Ga As Ge
Br K Ca 11 Ge 13 Se Br K Ca Ga 6 As Se Br
In Sb Sn
Rb Sr 11 Sn 9.6 Te Rb Sr In 6 Sh Te
Ba Cs Ba Cs Ba
E

v
energy above the
valence band



Si as Donor and Acceptor for GaAs

Si : donor or acceptor

- £0

Al P

°.8

Ge
6
Sn =

binding energy depends on Ga or As substitution



Al generated from

publication

VOLUME 76, NUMBER 7 PHYSICAL REVIEW LETTERS 12 FEBRUARY 1996

Direct Observation of Friedel Oscillations around Incorporated Sig, Dopants in GaAs
by Low-Temperature Scanning Tunneling Microscopy

M. C.M. M. van der Wielen, A.J. A. van Roij, and H. van Kempen

Research Institute for Materials, University of Nijmegen, Toernooiveld 1, 6525 ED Nijmegen, The Netherlands
(Received 25 July 1995)
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Extrinsic semiconductors

Dopants
Donors Acceptors
Examples: P, As in Si. Examples: B, Ga in Si.
Mobile negative electrons Mobile positive holes
Fixed positive donors Fixed negative acceptors

Charge Neutrality

n+N, =p+Ny

EF_EC Eﬂ_EF
— = N, (T —_—
0= Ne(T)exp( 22" ) p=N(T)exp( =)




Temperature dependence
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lonized donors and acceptors

For E, + 3kgT < E.< E- 3kgT Boltzmann approximation
Np Ny
N+ = N, =
" 1t zexp(Be=tp Y 1t aexp(Bafr
P\ kT P\T kT

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

2 otherwise
N, = donor density cm3 N,* = ionized donor density cm3
N, = acceptor density cm3 N, = ionized acceptor density cm3

Mostly, N,* =Njand N, =N,



lonized donors and acceptors

n+N, =p+Ny

log [ 1ecm®]

Carrier concentration vs. Fermi energy
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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 densities n and p can be calculated from the formulas, n = I, (%) exp( E:;Eé) andp =N, (%) exp( E;:_,f‘“) .
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Intrinsic semiconductors Extrinsic semiconductors
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have the same temperature dependence as
intrinsic semiconductors.

E
n =./N N exp|l ——
o

j At high temperatures, extrinsic semiconductors



n-type (extrinsic)

E. —E

=Ny =N_exp

B
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C
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For n-type:
n ~ density of donors,
p = niz/ND
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p-type (extrinsic)

P

=N, =N

E,—E,

exp

\'

KT

E. =E, +k,TIn

NV

A

For p-type,

p ~ density of acceptors,

n=n?/N,
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Intrinsic / Extrinsic

Intrinsic:n=p
Conductivity strongly temperature dependent

Conductivity is poor

Extrinsic:n #p
Conductivity almost temperature independent at room temperature

Conductivity can be strongly increased (up to a factor of 10°)



E F (eV)

degenerately doped semiconductor
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degenerate semiconductor

Heavily doped semiconductors are called degenerately doped

N,>0.1 N, -> E;in the conduction band

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

L heavy doping narrows the band gap
O Boltzmann approximation is not valid

O degenerate semiconductors = metal
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