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Silicon: Group IV Element
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Resistivity of Typical Materials

* Conductors

" — Copper: 1.7x10¢Q-cm  (or 1.7 x 108 Q-m) f:-_ A
— Aluminum: 2.8 x 10 Q-cm O

* Insulators .
- Si0,; 10" Q-cm
C\_

- |[Semiconductor)
— Silicon: 407 O@Q-cm
— A wide range of resistivity,

— Can be controlled by M’ of impurities or electrical
. —
bias

A,
[
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From Atoms to Crystals

Pauli exclusion
principle

}ﬁllw\
s s e \%§>¢_ww5~/ level

iSOI|ated atoms |att|c,e spac|ng L? Q\g 0& 7

| Decreasing atomic separation 1\

(a) (b)
Energy states of Si atom (a) expand into energy bands of
Si crystal (b).
The lower bands are filled and higher bands are empty in
a semiconductor.
The highest filled band is the valence band.
The lowest empty band is the conduction band
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Energ¥ Band Diagram of Various Materials
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-&T = 25 me/\/
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(a) Si, semiconductor (b) Si0,, insulator (c) Conductor
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Silicon

Crystalline Structure Schematic Two-Dimensional
(Diamond Cubic) Representation
Valence Covalent

electrons bonds

Silicon atoms

At 0 Kelvin, all electrons are
“locked” in covalent bonds
— Behave like insulator




Broken
covalent
bond

Covalent
bond

¥4

Electrons and Holes

ve
W‘Oa/‘ « At room temperature, thermal
— @ 4l \/ energy breaks some covalent
electrons electron
- bonds, creating free
| (eflective ’ 3 ,,
electrons and “holes
@O@!ﬂ@ Mass
! * Hole: empty space left by
| Hole electron

\

@.@ — Hole “moves” as ac!jacent

electron move into its
. . Silicon atoms space
— Treat hole like a

@‘@.@ positively charged

&uawﬂz\ 2 particle
e am m: ~ 0,25 M,




> C. Intrinsic Semiconductor
60\'\} Intrinsic semiconductor

n=p=n,
= < -

. -3
electron concentration [cm

Valence Free
electrons electron

n:
=
p: ole concentration [¢m™

BT@T . instrinsic carrier concentration
Hole B material dependent constant

Broken
covalent
bond

T . temperature in Kelvin

E_ . bandgap energy (=1.12 eV for Si)

Covalent

Silicon
bond

k - Boltzmann's constant = 8.62x107 eV/K
At room temperature (7' =300K)

T n=15x10" [em”]

< Note: There are 5 x 10 atoms/cm™, so the

12
[&] L"number of free electrons and holes are very small

In general, np=n’ 4
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S
B c N-Type Semiconductor
As N-N 260\1'/‘\"’”— Electron concentration can begreatly

Valence s increased by replacing some Si atoms

electrons

bonds

with P (phosphorus) or As (Arsenic), which

have 5 shell electrons (one more than Si).
Free electron donated

by impurity atom P or As are called "donors"

Pentavalentimpurity = N (donor impurtiy concentration)

atom (donor)
2

p, = " Where n,=15x10" [em™]

Silicon atoms D
Mo Vit Subscript » refers to n-type semiconductor
CovYi (n stands for "negative", referring to the

: 3 ‘)/ charge carried by electrons)
2, [O’L
YL‘? = nt n’;_:'[O 0”\3 17 -3 17 3
(7 eg,N,=10" cm™, n =(10")p =2.2x10
Mags Action Law =19 - Yl
P= 03 Electrons are "majority" carriers,
Mtnmv\/ 7 holes are "minority" carriers c

¢4 9 BSAC

In n-type semiconductor, n, >>n, >>p,
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Covalent
bonds

P-Type Semiconductor

&=
Fosrtive
Silicon atom

Trivalent impurity
atom (acceptor)

Electron accepted from
this atom, thus creating
a hole

Hole concentration can begreatly
increased by replacing some Si atoms
with B (boron), which has 3 shell

electrons (one less than Si).

B 1s called "accegtors"

p, =N, (acceptor impurtiy concentration)

2
n, = i where n,=1.5x10" [cm™]
A
The subscript p refers to p-type semiconductor

(p stands for "positive", referring to the
charge carried by holes)

In p-type semiconductor, p,>>n, >>n,

eg,N,=10" cm”, p, =10"n,=22x10’

Holes are "majority" carriers,

electrons are "minority" carriers
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How Electron (or Hole) Move
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Mobility of Common Semiconductors

TABLE 2-1 * Electron and hole mobilities at room temperature of selected lightly
doped semiconductors.

Si Ge GaAs InAs

1, (cm?/V-s) 3% (1400 3900 8500 (30, 000)
iy (em?/V-s) L& (470 400 500




Mobility vs Dopant Concentration
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Curre&%: Movement of Charged Particles

(Electrons and Holes)
U T+ mean free iz 2T
m-é't_y_—_z\ﬁ-:.r—'-t = (¥E)T = A%\r=(—wT)-E UL
Mowumtuw V\/ U
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Current in Semiconductor (1):
Drift Current

N

+ ——>Holes

— <«<———Electrons

— X

D —

When an electrical field, £, 1s applied,
holes moves in the direction of £, while

electrons move opposite to £ :

Vg = M B W, hole mobility
Voan = —H,E, H, o electron mobility

In intrinsic Si, g, =1350 cm®/V-s
1, =480 cm®/V-s  (Note: p, ~2.51,)

Current density, J [A/cm?] 'L

i: qpvp—driﬁ + qnvn—driﬁ - q(p“g + nlun )E :@E
where o =q(pp, +ng,) 1s conductivity [S/cm]

Resistivity ,ozl [Q-cm]
o}
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Resistivity vs Dopant Concentration
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Current in Semiconductor (2):

p(¥) Diffusion Current - Holes

e Loverparile o |f hole distribution is non-

e 0%°0 J0° * o uniform, holes will move from

e e ¢ o (P—> o high to low concentration areas

LS =" | AP

é ok o . :; * Flux o«c~[conc. gradient] "T
(X L ° ®
$8 e o & & » U el « Current flows since holes carry
Direction of diffusion g Charge: ”
Wﬂ I Jp—-aifr = 9Dy (— dp(x))
g Hole Diffusion podiff = 17F 1\ dx
—> Hole diffusion D,: hole diffusion coefi [cm?/s]

* Note: since hole carries

—> Cfl‘) positive charge, hole diffusion
and hole current are in the
same direction

2,
\ ——> Hole current
2
=
E
=
Q
Q
=
1}
Q
o
o
T

=Y

17 BSAC



Current in Semiconductor (2):
Diffusion Current - Electrons

ELighe partielc e i » Similarly, electron diffusion also
concentration concentration i
i 08 g0 ® o m causes current to flow, but in
**e o o o o opposite direction since
e 0 o ° °
ce® o . o electron carries negative charge
@ @ -
..: .o ° o ° —’%C. Q\LCX’V\TV\ L
e o e o ° °
e o . l'f dn(x)
Direction of diffusion ]n—diff = (_q)DTl - dx
< Jeaet dn@) g«
» Electron Diffusion = 4n dx
i D,,: electron diffusion coef. [cm?/s]

Jn-aigr * [AMecm?]
L, st Dn. 3
JAn 3 — &=@cm2/s pp

. T

— D.=12cmé?/s

—
18

Electron concentration, n




Einstein Relationship
Jn=NBUnE %Dh%;c

V., : Thermal voltage

At room temperature, V. =26 mV
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