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o Conduction band
Intrinsic = pure

Free electron =
: E,

electron/hole pair i Thermal
is generated s éxcitation E,

‘@
Valance band
n=p=ny(T)

n=# of e/cm3
p=# of h*/cm3
n;= intrinsic carrier concentration

S| oo 1.5 X 10" cm™  note that totally there are 2 X 1023cm™3 electrons

1 out of 1013 bond is broken!



Energy Band Gap determines the intrinsic carrier

concentration. ni EgGe< EgSi< EgGaAs
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Doping means mixing a pure semiconductor with impurities to increase its

electrical conductivity
Can be done in two ways:

Increasing the number of electrons by Increasing the number of holes by
mixing pentavalent elements such as mixing trivalent elements such as
phosphorous, arsenic, antimony aluminum, boron, gallium (means
(means adding donor impurities) adding acceptor impurities)

Donors and acceptors are known as dopants.
Dopant ionization energy ~50meV (very low).

Possible dopant deactivation & defect formation

N-or P~ : Np or N, < 10" cm3
N-orP- :10"™ cm3 <Ny orN, <10 cm?3
NorP :10% cm3 <Ny orN, <10 cm-3
N+tor P+ :10™ cm?3 <Ny orN, <1020 cm3
N++or P++ : Np or N, > 1020 cm?3
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Donor and Acceptor in the Band Model

E - L
- Conduction tand Donor ionization
DOﬂOr |€V€| Ed ________________________ energy
Acceptor level Eq -omomimmieeee - Acceptor
EV R ionization energy
@T = 300°K KT = 26meV

lonization energy of selected donors and acceptors in silicon

Donors Acceptors

Dopant Sb P As B Al In
lonization Eng Ec-Ed or 39 a4 54 45 57 160
Ea-Ev (meV)
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Si
lonization energies of shallow DONORS(eV)  As = 0.054; P = 0.045; Sb =0.043
lonization energies of shallow ACCEPTORS(eV) Al = 0.072; B = 0.045; Ga =0.074; In=0.157

lonization energy of various impurities in Ge, Si, and GaAs at 300K.
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Ec
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D

Ey N](E)

D (E)dE = number of states per cm? in the energy range between E
and E + dE near the band edges:

number of states in AE ( 1 )

Dc(E) = AE volume eV .cm?3
My 2my (E — E¢)
gc(E) = D¢(E) = n\/ nghs
my/2m,(E, — E)
gy(E) = Dy(E) = p\/ ﬂshB



1. Introduction [ITITITIT

. . . . 2. Crystal III1TTTTT1]
Thermal Equilibrium and Fermi Function - gg%g;atﬁces e

5. Miller Indices [I1111

An Analogy for Thermal Equilibrium

Sand particles —s

Vibrating Table

There is a certain probability for the electrons in the conduction band to
occupy high-energy states under the agitation of thermal energy.
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eThere are gl states at E1, g2 states at E2... E

There are N electrons, which constantly shift E% ‘ ‘
among all the states but the average electron 1 2 3 v Bk
energy is fixed at 3kT/2.

eThere are many ways to distribute N among
nl, n2, n3....and satisfy the 3kT/2 condition.

o o
eThe equilibrium distribution is the 1 2 3 g
distribution that maximizes the number of E o o o
combinations of placing nl in g1 slots, n2 in g2 1 1 2 3 g
slots.... : .
n; 1

g; 1+ eE-ER)/KT

Er is a constant determined by the condition z n; =N
i

10
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Particles can be classified into 3 categories:

1. Classical particles (ball) Maxwell-Boltzmann dist.
2. Bosons (photons) Bose-Einstein dist.
3. Fermions(undist + Pauli Exclution) (electrons) Fermi-Dirac dist.

Probability that an available state at energy E is occupied:

F(E) = Ef is called the Fermi energy or the Fermi level.
1 + ¢(E—EF)/kT  There is only one Fermi level in a system at equilibrium.

"
Boltzmann constant, 0.9
k: 138 X 10_23J/K 0.8
k=28.62x10° eV/K 07

0.6
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E — EF(ev) 11
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Ef is called the Fermi energy or the Fermi level.

JE) = T et=En/wT

If we are 3kT away from the Fermi energy then we might use

E Boltzmann approximation:
f(E) ~ e_(E_EF)/kT |f E - EF >> kT

f(E) ~ 1 — e Er=E)/kT if E—Ep < —kT
Ep +{3kT
E,i +2kT D
Ep + RL.EDR L _ ~(E~EF)/kT e
EF s N 4 a
E.— kT E /o
EII::—ZkTE —a—E~5(E—EF)
Er — 3kTF

A

e f(E) e ~ 19
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Derivation of n and p from D(E) and f(E)

Integrate n(E) over all the energies in the conduction band to obtain n
Top Of Conduction Band

n= J f(E)D-(E)dE = My 21 f [E — E, e—(E-EF)/KT 4

T2 h3
EC
mn,/Zmn _
n="253 (Fe= EF)/ij V1 e KT dy (n=E—Ec)
N. =7 Z”mnkT Nc is called the effective density
n = N¢ e~ (Ec=ER)/KT ¢ = h?2 of states of the conduction band.
Ey
p= | - @D EE
Top Of Conduction Band
(Br—E)/KT 2mm, kT 3/2 Nvis called the effective density
p = Nye \VFFEV Ny = 12 of states of the valence band.

Closer Ef to Ec the larger n, closer Ef to Ev the larger p
For Si: Nc =2.8x1019 cm-3, Nv =1.04x1019 cm-3 13
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Ec —====°%
Er DonOV—dOPed n = Ng e~ (Ec=ER)/kT
N¢
Os By ac Ep = E¢ — kT In-<
m ~EPtor-gopey n
\_J
EV ] ===

1013 10 10> 1016 1017 1018 1019 1020
N,or Ny (em 3)

14
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Multiply n = N, e~ Ec=ER)/KT  gnd p = N, e ~(EF~Ev)/KT

np = NcNy e Ec™EV/KT — N e=EG/KT

Law of Mass Action np = n/ n; = /NN, e Ec/2kT
In an intrinsic (undopped) semiconductor, n = p = n;
/2 3/2
_[2mmu kT’ _[2mmykT P
chzl - ] NV=2[ - ] n;(T) =
E; = EF‘

nep Ec+E, kT N, Ec+E, 3kT (m,\ E;+Ey
| = = +—1 ~
b=t Iy, 2 x \mp 2

nl. e (EF_Ei)/kT

n = NC e_(EC_EF)/kT El n
—
(E;—Efp)/KT

— —(EF—Ey)/KkT
|5
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At room temperature, all the N
shallow dopants are ionized. Np
(Extrinsic region) —
When the temperature is Freeze
decreased sufficiently (~100 K), out
some of the dopants are not <— Extrinsic region —>
ionized. (Freeze out region) B i
Intrinsicxregion
When the temperature is — in,
increased so high that the intrinsic iNg
carrier conc. approaches the
active dopant conc. (T2 Ti, > | | | .L | >
450K for Si), the semiconductor is 100 200 300 400 500
said to enter the intrinsic region.
n=20 n=Npj n=Np "o
.................. e L
0°K low T moderate T o \Hi:gh\T\ o

19



1. Introduction [ITITITIT
. 2. Crystal EENEEEEEEE
Fermi Level vs. Temperature 5 Coiclaices EEEITT
. Other 1111
5. Miller Indices [TTTT1

When the temperature is Ve
decreased, the Fermi oG
level rises towards the

donor level (N-type) and
eventually gets above it.

Ny

2 MA%J%,/
:‘«mﬂz S 7

When the temperature is %
increased, the Fermi |
level moves towards the =y
intrinsic level. 5%

G IR — ‘——_I_r'r-..— o N r*‘*’“
= Lts) [ 0 fﬁ;!f:'(:.v"-ﬁﬁ|i'ié}

||
.

T ‘_l‘ '>5ll =i - ) —
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Q: What is the hole concentration in an n-type semiconductor with 101> ¢cm™3 of donors?
how much hole concentration will change if T increase by 60°C

Sol:
n=Np=10"%cm™3

3

After increasing T by 60°C, n remains the same at 10 c¢m ™3 while p increases by about a

factor of 2300 because

n o e~ Ec/kT

Q: Whatis nif p = 10°cm™3 in a p-type silicon wafer?

Sol:
1020

_ — 103 =3
—1017—10 cm

2
n;
n=—
p

21
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Consider a phosphorus-doped Si sample at 300K with N, = 1017 c¢m™3. What fraction
of the donors are not ionized?

Sol: Suppose all of the donor atoms are ionized.

N
then Ep =E; —kT lnf = E. — 150meV

Ny 1 Ny 1

Np 14+ gDe(EF—ED)/kT Ny - 1+ gAe(EA—EF)/kT

gp = 2 ga =4

1
1+ gD_le(EF_ED)/kT

Probability of non-ionization ~

1

= 1+ %6(150—45)/26 = 0.034

22
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Charge neutrality n+N;y=p+ Ng
Mass law np = niz
Np 1 Ny 1
Np 1+ gDe(EF—ED)/kT N, 1+ gAe(EA—EF)/kT

23
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Recall that the expressions for n and p were derived using the Boltzmann approximation,
i.e. we assumed

Ey + 3kT < Ep < E; — 3kT

EC Conduction band i

3kT

Er in this range 2

EV Valance band T

The semiconductor is said to be nondegenerately doped in this case.

24
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If a semiconductor is very heavily doped, the Boltzmmann approximation is not valid.

InSiatT = 300K: E. — Er < 3kTif Np > 1.6 x 10¥ cm™3
Er — Ey <3kTif Ny > 9.1 x 10" cm™3
The semiconductor is said to be degenerately doped in this case.

Terminology:

“n+” degenerately n-type doped. Er ~ E.
“p+” degenerately p-type doped. Er ~ Ey

25
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If the dopant concentration is a significant fraction of the silicon atomic density,
the energy-band structure is perturbed = the band gap is reduced by AE; :

A 300
AE;~3.5 x 1078 N1/3 —

N =1018cm™3 - AE;~35meV
N =10Ycm™3 - AE;~75meV

M o(cin )

26



