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Two Types of Carriers:
Electrons and Holes

Line represents a shared
valence electron

Circle represents the core
of a semiconductor (e.g., Si)
atom

1) Electrons in conduction band can move
2) Holes (absence of electrons) in valence band can move

3) Electrons and holes can recombine
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silicon energy levels = energy bands

Si atom (Z = 14) Si crystal

Conduction band:
first partially

em pty band above 4N, . states
filled valence band
A
v (11 = ”
N forbidden gap
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valence “band”:
T=0K highest 4N, .. states

filled band
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energy

silicon energy levels = energy bands

Si atom (Z = 14) Si crystal
n=p=n cm”
conduction “band”
3p? !
v 11 ] »
A forbidden gap
3582
\ 4
T =300K
(14 ” _ _3
<E> _ %kBT _0.026 eV valence “band p=ncm
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Electron energy

energy bands versus atomic separation

4N states
0 electrons

4N states

4N electrons

8N states
4N electrons
—t—
6N states (2p)
. 2N electrons
""" 2N states (2s)
f
Cohesive | 2N electrons
energy

Atomic separation
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Si atoms
1522522p63s22p?
C atoms
1s522s22p?

2s — 2 states
2p — 6 states
For N atoms:

2s line -
2N-fold degenerate

2p line -
6N-fold degenerate



iInsulators

Energy
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E, ~9eV (SIO )

~ S > S %z\z-?:
h\w\\ \\\&\

don’t conduct
electricity well
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metals

Empty states

e

do conduct
electricity well
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semiconductors

E_~1.1¢eV (Si)

\\

In-between, but

can be controlled
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Conduction and valence bands

E
’ 2 £é 'L
E = P S E=E.+ p_ band structure
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conduction band
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In pure semiconductors, only free carriers matter

E. *
® 0 O
EC
E, = eeee L, =5
Large bandgap Small bandgap
n, = Lo Fol2ksT A=,/N.N,

n,(Si)=1x10"em”....E; =1.1 eV

n,(Ge)=1x10"cm”....E; =0.66 eV @Room
6 4 Temp.

n,(GaAs)=1x10°cm”..E; =1.42 eV
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Why is the current so low ...

n,(Si)=1x10"cm”....E; =1.1eV

¢ 08 O
n,(Ge)=1x10"cm™...E, =0.66eV © 00 O
n,(GaAs)=1x10°cm”..E; =1.42eV e ¢6e o
N =N, =5x10"cm”
bonds/atom = 4
N . =2x10"cm”

total

Only 1 out of 20 trillion electrons in Silicon are free to move!
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doping

Phosphorus or Arsenic
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Gallium or boron
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Simplified Planar View of Atoms
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Donor Atoms
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Even with donors, material
is charge neutral
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Donor Atoms In Hzx-analogy

O=—0—0

— @
H H [
H | —0 = 0—0=—0+

|
0—0—0 ©0—0—0

E; ~10s meV

rip=129A
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n-type doping

Phosphorus or Arsenic
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energy band view (n-type)

n-doped Si
E. n=n=10"cm" N =10%cm™
= L, ~0.05eV ’
e 0 ——-O——————— - Ep=U. B
\ N} =10"cm™
E, =1.1¢eV n =~ N} =10%cm™3
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p-type doping

Gallium or boron
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Acceptor Atoms

— 0=

O
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Even with acceptor, material

is charge neutral
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Characteristics of Acceptor Atoms

. E
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p-type doping

Gallium or boron
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Missing bond
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p-type dopin

Gallium or boron
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lonized acceptor

Ny =p
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energy band view (p-type)

p-doped Si N = 10%em
E. n=n=10"cm" N, =10"cm™
/ p~ Ny =10'® cm™3
E.=1.1¢eV
i A oo = E,~0.05eV
By p=n=10"cm>
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Temperature-dependent ionization

[_©-0-0-0-0 .0 0-0.
D

ED o-0— —0— -0- 0-0-

T approaching O.

Increasing Temp.

EA_ —_— —— . — —

Room Temp.

Pierret, SDF, Fig. 2.13
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Carrier concentration vs. temperature

Fig. 2.22 from R.F. Pierret, Semiconductor Device Fundamentals
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Amphoteric Dopants

I 111 v \'% VI

4 5
Be B

12 13
Mg

Donor-type il I I acceptor-type
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DOS

g ) 4N, states / band

conduction “band” Na = 5x 1022 /cm3

How are the energy levels

valence “band” distributed with the bands?
N J
density-of-states g( E) dE
Number of states per unit Number of states in an
energy per unit volume. energy range, dE, per m3.

Units: (J-m3)-
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DOS

Ec (E)dE

__/

-
E> J
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density of states

E N\
Ec mZ\/2mz (E — EC)
gC(E)z ErE
EC
E,
m \[2m (E, —E
gV(E)z p\/ 1925.13‘/ )
bot 4
E,
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Fermi function

/ small probability
E / of being filled.
1
f(E) - (E-Ep)/ksT
L E, kyT =0.026 &V
Fermi level
Probability that a state /
at energy, E, is N
: : _— small probability
occupied In equilibrium. of being empty.

0 0.5 | f E)
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Analogy with stadium ...

electrons
4N
P :
: : 2 : 4N
holes
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Floating around in the conduction band

m\2m (E~E,)

243
T°h
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Ec gap number
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Density of States

Lower priced
E A seats ...

* *
m ~2m liE—EC

2
i

s

EZ . .
o Higher priced
El

seats ...

s(E)
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Distribution Functions

High Temp. B 1 Low Temp.
JE) =y

E © E

F(E —> o0) = o (E~Er)/ksT
6k,T Ly _ 6k,T

1 fESE)—1-e a4 1
7 (E) /()
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electrons and holes

These states are way
above the Fermi level.

E, ®
T Typically, we will find the
L;=11eV " Fermilevel somewhere
inside the bandgap.
E, o

These states are way
below the Fermi level.
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conduction band

non-degenerate

f(E) semiconductor E>>E,

1 f(E) ~ e(EF_E)/kT
small probability
of being full

0 —
E
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valence band

1
TE) | gy MO g
| E<<E, 1-f(E)=fy(E)~ eEER/KT
| non-degenerate
| semiconductor
|
|
1 |
fIE)= |
( ) 14 (E-Ep)/kgT :
0 |
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temperature dependence of intrinsic density

Fermi function
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small probability
of being empty.
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Carrier Distribution

DOS F-D concentration

u z1 1-f(E) I n=["g.(E)f (E)dE
E : .
o a(F) >< £ égC(E)f(E)

g,(E) g, (E)[1-/(E)]

EU\ ( \\ —
l f(E) |1 o

Y p=fi:t g, (E)[1-f(E)dE
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Conclusions

- Two types of carriers, electrons and holes, move
within conduction and valence bands, respectively

- Temperature creates intrinsic carriers, but extrinsic
doping is main control knob in semiconductors

- Doping affects the Fermi level for both donor-like (n-
type) and acceptor-like (p-type) dopants
- The density of states increases with distance away

from the conduction band minimum and valence band
maximum 1

. The Fermi-Dirac distribution ()= 1+ A5 E )k reflects
the Pauli exclusion principle + thermal spreading

Combining these factors yields carrier distributions for
semiconductors in equilibrium
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