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Carriers and Temperature

Empty

=

@ { Completely
II | | | | filled

(a) No carriers
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(b) The electron

H
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' ) \s‘ -0 =
i

Tf:

{c) The hole
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Insulators, conductors, semiconductors

Few

/ electrons
E

4
' / g Ec = 1.42eV (GaAy)
wide Eg™ 8eV(SiO,) ( ©Eg = 1.12eV(Si)
£, ~ 5 eV (Diamond) P Eg = 0.66 eV (Ge)
. \ Thermal ' (Room temperature)
E excitation
\ v maoderately
easy
(a) Insulator (b) Serﬁic(mduclor
2000
Very J_ E : E
narrow E v
T / Y or E,
_ - 7/

(¢) Metal
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s diamond lattice

Silicon Crystal Structure

3sp tetrahedral bond

» atoms are bonded tetrahedrally with covalent bonds

4 valence electrons (-4 g),
contributed by each ion

s Two-dimensional crystal for sketching

U N7 N7 N7\ \u N7 N7 N7 N
NS
> O O O \.\Csiiconiog(?wq) O C
D—=0—0—0—0—0—0—0—(
D—=0—0—0—0 O—0—(
) M M M m\ M M M “
border of bulk silicon region two electronsin bond
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Intrinsic (Pure) Silicon (T > 0)

T S —
>—0—0—0 O{Q\p ?C
000 B 0010
Y N 1 ] ‘e

= electron: mobile negative unit charge, concentration n (cm™)

= hole: mobile positive unit charge, concentration p (cm‘3)

Unit of charge: g = 1.6 x 10°1° Couloumbs [C]

EE 105 Spring 1997
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Thermal Equilibrium

31

Generationrate: G unitss.cm™ s (thermal, optical processes)

Recombinationrate: R n [

n = electron concentration cm™

p = hole concentration cm™

With the absense of external stimulus, Gg,= R,

subscript “ 0" indicates thermal equilibrium

Ny P = constant = n;% = 10%° cm™ at room temperature (approximately)

Since holes and electrons are created together in intrinsic silicon,

N,= P, Whichimpliesthat both are equal to n; = 101 cm3

EE 105 Spring 1997
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B

Group V elements donate an
electron: Phosporus, Arsenium

Group 111 elements accept an
electron: Boron

Ax
1
i ¥
0.045 eV i E.
® 77T FE E
T :’{ 0
(Si)$ 1.12 eV Donor site
EV
———i x
) I ® 00000 00 E
0000000 R P
D
b EV
T+ 0K Increasing T Room temperature
(@)
EC
————————— —————— sev0seee L,
o\ o_‘ coocoooo &
T+ 0K JIncreasing T Room temperature

[ ] [ ]
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Density of States and Fermi Level

The density of available states

mN2mi(E = E,)
gelB) = ==
| m*\/Qm*(Ev - E)
gV(E) = 2 Pz 3 ]
2

The Fermi distribution

E
‘ g (E) —
EzF |
. E]l
1
u
i
< E\r EVII g (E)——»
' 1
HE) = 1 + e(E—ER)kT

Probability of a state at Energy E to be occupied by an electron

J(E)
—

" |—

(a)T-0K

-l-—if(b‘)‘_; | _e(E—EF}{kT

b —

f(Eys e~ (E~E) T

E. —=3kT E.+3kT

BT>0K
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Energy band
diagram
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of states
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Doping

Donors (group V) donate their 51 valence electron and become fixed positive
chargesin the lattice. Examples: Arsenic, Phosphorus.

v \% N\ \% N\ N\ N\ N\ Y
> —0—0—0—0 0—¢
| Y
D—=0—0—0—)—0—0 \O ¢
‘ ‘ n?PbiIe eIectron
D—=0—0—0—0-0—0—0-—(
) M M M /) \?\ M M c
border of bulk silicon region immobile ionized donor

How are the thermal equilibrium electron and hole concentrations changed by
doping?

> regionis“bulk silicon” -- in the interior of the crystal, away from  surfaces

> chargein region is zero, before and after doping:

p=chargedensity (Clcm®)= 0 = (-any) + (apy) + (AN
electrons holes donors

where the donor concentration is N (cm3)

EE 105 Spring 1997
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Electron Concentration in Donor-Doped Silicon

Since we arein thermal equilibrium, ny p, = ni2 (not changed by doping):

Substitute p, = ni? / ng, into charge neutrality equation and find that:

2
an;
0= —qn0+n—+qNO|

Quadratic formula -->

We always dope the crystal so that Ng>> n; ... (Ng = 1023 - 102 cm™), so the
square root reduces to 1:

n0: Nd

The equilibrium hole concentration is:

Po = ni2/ Ng

“one electron per donor” isaway to remember the electron concentration in silicon
doped with donors.
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o

10.0

e

Doping Example

n,=10; p,=10
N =5

n=
p:

12.80
7.80

n, p,=100

7
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Numerical Example

Donor concentration: Ny = 10" cm™

Thermal equilibrium electron concentration:

_ .a15 -3
ng=Ng = 107 cm

Thermal equilibrium hole concentration:

3.2 — —
Py = niz/noz ni2/ Ng = (1010 cm 3) /1015 cm 3= 105 cm 3

Silicon doped with donorsis called n-type and electrons are the majority carriers.
Holes are the (nearly negligible) minority carriers.

EE 105 Spring 1997
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Doping with Acceptors

Acceptors (group I11) accept an electron from the lattice to fill the incomplete
fourth covalent bond and thereby create a mobile hole and become fixed negative
charges. Example: Boron.

S
—0—0—0—0—0—0—0—
NS/ S N S
>/@4¢53/®’©©©©<
A )\

. . /
mobile hole and later trajectory immobile negatively ionized acceptor

Acceptor concentration is Ny (cm3), we have N >> n; typically and so:

one hole is added per acceptor:

Po= Na

equilibrium electron concentration is::

Ny =n2/ Ny

EE 105 Spring 1997
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Doping with both Donor s and Acceptors:
Compensation

» Typical situation isthat both donors and acceptors are present in the silicon
|lattice ... mass action law meansthat n # Ny and p # N, !

positively ionized donors

v u/o N\ N\ k\gﬁ
O0—0—0—0=

© | I

L%/\\O 0—E) —0—0—0—(

— FO\\O 0 \0—0—0—(
\ H 11

p
negatively ionized acceptor

mobile electron and trajectory

» Applying charge neutrality with four types of charged species:

= _qno+qpo+qu_qNa = q(po_no+Nd_Na) =0

we can substitute from the mass-action law n, p, = n;? for either the electron
concentration or for the hole concentration: which one isthe majority carrier?

answer (not surprising): Nyq>N, --> e€lectrons

N,>Ngq --> holes

EE 105 Spring 1997
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Compensation

Example shows Ny > Ny

positively ionized donors

— T oo

)@/;OO’;/\@OC

) g\@ IS S S
0—(
~

o
— H@\ 0—0-0—0
\ i

P
negatively ionized acceptor

mobile electron and trajectory

= Applying charge neutrality with four types of charged species:

P =—an,+qp,+dNy—aN, = q(p,—n,+ Ny4—N,) =0

we can substitute from the mass-action law n, p, = n;? for either the electron
concentration or for the hole concentration: which oneisthe
majority carrier?

answer (not surprising): Ng>Ny; --> €lectrons

Na > Nd --> holes

EE 105 Spring 1997
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Carrier Concentrationsin Compensated Silicon
= For the case where Ny > N, the electron and hole concentrations are:

2

n.

|
nyON4—N, and poDNd_Na

» For the case where N, > Ny, the hole and electron concentrations are:

PoUN,—N4 and n O

Note that these approximations assume that | N - No| >> n;, whichis nearly always
true.
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