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* The term “carrier” refers to mobile entities, viz., electrons in the conduction band (or
simply “electrons”) and vacancies in the valence band (or simply “holes”).
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* The term “carrier” refers to mobile entities, viz., electrons in the conduction band (or
simply “electrons”) and vacancies in the valence band (or simply “holes”).

* We are interested in the carrier densities, i.e., electron density (n) and hole density (p),
because they are responsible for carrying a current. (The nuclei and core electrons of the
silicon atoms do not contribute to conduction.)
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* The term “carrier” refers to mobile entities, viz., electrons in the conduction band (or
simply “electrons”) and vacancies in the valence band (or simply “holes”).

* We are interested in the carrier densities, i.e., electron density (n) and hole density (p),
because they are responsible for carrying a current. (The nuclei and core electrons of the
silicon atoms do not contribute to conduction.)

* We will first consider a semiconductor in equilibrium, i.e., without an external
perturbation such as an applied voltage, a magnetic field, or optical illumination.
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Electron density (n) in equilibrium

conduction band
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S AN R ~Ne(E)
valence band T

M. B. Patil, IIT Bombay



Electron density (n) in equilibrium

* The electron density depends on two factors: E
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Electron density (n) in equilibrium

* The electron density depends on two factors: E

. i . conduction band
- How many states are available in the conduction band for the E.— / g (E)
electrons to occupy?
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Electron density (n) in equilibrium

conduction band

* The electron density depends on two factors:
- How many states are available in the conduction band for the ¢ + ¢ (E)

electrons to occupy?
- What is the probability that a given state (at energy E) is
occupied?

S AN R ~Ne(E)
valence band T
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Electron density (n) in equilibrium

* The electron density depends on two factors:
conduction band
- How many states are available in the conduction band for the ¢ + ¢ (E)
electrons to occupy?
- What is the probability that a given state (at energy E) is
occupied?
. . . E
* The “density of states” function gc(E) gives the number of states £
available per unit energy per unit volume.
B, e 8 (E)
valence band
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Electron density (n) in equilibrium

* The electron density depends on two factors: E

duction band i
= How many states are available in the conduction band for the ¢ L . i g (E)
electrons to occupy?
- What is the probability that a given state (at energy E) is

occupied?
E

* The “density of states” function gc(E) gives the number of states &

available per unit energy per unit volume.

*\3/2 /2(E — E,
g:(E) = (mh) 5 ( <) , E > Ec, where
w2h T ~—g,(E)
m;, = electron effective mass =1.08 mq for silicon at T =300K, " valence band ; '

mg = free electron mass=9.1 x 103! Kg,

h=h/2r, with h (Planck constant) =6.63 x 1073* J-s.
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Electron density (n) in equilibrium

Calculate the number of states N/ between E. and E. + 50 meV for silicon at E
T =300K. conduction band f
— g

valence band

M. B. Patil, IIT Bombay



Electron density (n) in equilibrium

Calculate the number of states N/ between E. and E. + 50 meV for silicon at E
T =300K. conduction band }
EE———————— U g(E)
N _ /EC+AE (m:)3/2 /Q(E _ Ec) JE
2 w203
Eg
E,—
valence band
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Electron density (n) in equilibrium

Calculate the number of states N/ between E. and E. + 50 meV for silicon at E
T =300K. conduction band f }
EE4+"""""—"-- T g.(E)
N _ /EC+AE (m:)3/2 /Q(E _ Ec) JE
2 w203
B ﬂ(m;)yz (AE)3/2 Eg
w2h3 3/2
_16V271 (miAEN??
3 h? E,—
valence band
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Electron density (n) in equilibrium

Calculate the number of states N/ between E. and E. + 50 meV for silicon at E
T =300K. conduction band f }
EE4+"""""—"-- T g.(E)
v /EﬁAE (ms)*?V2(E-E)
2 w203
B ﬂ(m;)yz (AE)3/2 Eg
B 7253 3/2
_16V271 (miAEN??
3 h? E,—

valence band

1.08 x 9.1 x 10731 x 50 x 103 x 1.6 x 10-197°/2

(6.63 x 10—34)2

= 23.7 X {
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Electron density (n) in equilibrium

Calculate the number of states N/ between E. and E. + 50 meV for silicon at E
T =300K. conduction band f }
EE4+"""""—"-- T g.(E)
v /EﬁAE (ms)*?V2(E-E)
2 w203
B ﬂ(m;)yz (AE)3/2 Eg
B 7253 3/2
_16V27 (m;AE)3/2
3 h? E,—
3/2 valence band
1.08 x 9.1 x 10731 x 50 x 1073 x 1.6 x 10~1°

= 23.7 X
[ (6.63 x 10—34)2

= 23.7 x 2.39 x 10**/m3 = 5.7 x 10%9 /cm3.
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Electron density (n) in equilibrium

Calculate the number of states N/ between E. and E. + 50 meV for silicon at

T =300K. conduction band

N/

[ EEED o

w203

V2(my)3? (AE)*/?
w2h3 3/2

16v27 [ miAE\%?
3 h2

_31 _3 _1973/2 valence band
1.08 x 9.1 x 10 x50 x 1072 x 1.6 x 10

(6.63 x 10—34)2

= 23.7 X {

= 23.7 x 2.39 x 10**/m3 = 5.7 x 10%9 /cm3.

N’ would be the number of electrons per unit volume (in the conduction band)
if the states in the range Ec < E < Ec + AE were all occupied (and the rest of
the states unoccupied). The real picture is different.
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Electron density (n) in equilibrium

conduction band
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Electron density (n) in equilibrium

conduction band
Ee———————— —Lgc@

c

valence band ! ! !

(E— Er)/KT

* The number of electrons in the interval E to (E + dE) is not g.(E)dE but g.(E)f(E)dE.
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Electron density (n) in equilibrium

conduction band
Ee———————— —Lgc@

c

valence band ! ! !

(E— Er)/KT

* The number of electrons in the interval E to (E + dE) is not g.(E)dE but g.(E)f(E)dE.
* f(E) is the probability that the state at E is occupied.
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Electron density (n) in equilibrium

conduction band
Ee———————— —Lgc@

c

valence band ! ! !

(E— Er)/KT

* The number of electrons in the interval E to (E + dE) is not g.(E)dE but g.(E)f(E)dE.
* f(E) is the probability that the state at E is occupied.
* The probability depends on the “Fermi level” Er which typically lies in the forbidden gap.
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Electron density (n) in equilibrium

E T
conduction band
Ec4——»
Ee
E,————————————
valence band
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Electron density (n) in equilibrium

conduction band

valence band

* A change in the Fermi level causes the probability function to shift, and therefore the
carrier concentrations (n and p) change substantially with Efg.
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Electron density (n) in equilibrium

conduction band f
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Electron density (n) in equilibrium

conduction band

valence band

0.1

Il Il Il Il 0.001 Il Il Il Il Il
6 0

(E — Er)/kT (E—Er)/KT
1

* f(E) is given by the Fermi function: f(E) = —————~-— where

11 e(E—EF)/kT

k=1.38 x 10723 J/K (or 8.62 x 10~%eV/K) is the Boltzmann constant.
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Electron density (n) in equilibrium

conduction band

valence band

0.1

Il Il Il Il 0.001 Il Il Il Il Il
6 0

(E — Er)/kT (E—Er)/KT
1

* f(E) is given by the Fermi function: f(E) = —————~-— where

11 e(E—EF)/kT

k=1.38 x 10723 J/K (or 8.62 x 10~%eV/K) is the Boltzmann constant.

x At E=Ef, f(E)=1/2.
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Electron density (n) in equilibrium

conduction band

valence band

0.1

Il Il Il Il 0.001 Il Il Il Il Il
6 0

(E — Er)/kT (E—Er)/KT
1

* f(E) is given by the Fermi function: f(E) = —————~-— where

11 e(E—EF)/kT

k=1.38 x 10723 J/K (or 8.62 x 10~%eV/K) is the Boltzmann constant.

x At E=Ef, f(E)=1/2.

* If E— EF > kT, e(E=EF)/KT 5 1 and f(E) — 0.
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Electron density (n) in equilibrium

conduction band

0.1
EQ
0.01
EE—————————
valence band L L L L L 0.001 L L L
-6 -4 -2 0 2 4 6 3 4 5 6
(E — Er)/kT (E—Er)/KT
1
* f(E) is given by the Fermi function: f(E) = —————~-— where

1+ e(E—EF)/kT
k=1.38 x 10723 J/K (or 8.62 x 10~%eV/K) is the Boltzmann constant.

* At E=Ef, f(E)=1/2.
* If E— EF > kT, e(E=EF)/KT 5 1 and f(E) — 0.
If E— Ef < —kT, e(E=EF)/KT « 1, and f(E) — 1.
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Electron density (n) in equilibrium

conduction band

*

1+ e(E—EF)/kT
k=1.38 x 10723 J/K (or 8.62 x 10~%eV/K) is the Boltzmann constant.

At E=EF, f(E)=1/2.

If E— EF > kT, elE-EF)/KT 5 1 and f(E) — 0.

If E— Ef < —kT, e(E=EF)/KT « 1, and f(E) — 1.

For E — EF > 3 kT, e(E—EF)/KT ~ 20, which is much larger than 1. We then have
f(E) =~ fyp(E) = e (E~EF)/KT  the Maxwell-Boltzmann function.

0.1

EQ
0.01
valence band L L L L L 0.001 L L L
6 -4 -2 0 2 4 6 0 1 2 5 6
(E — Er)/kT (E—Er)/KT

1

f(E) is given by the Fermi function: f(E) = where
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Electron density (n) in equilibrium

conduction band i
Ee——""""""—"-—- B g.(E)
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Electron density (n) in equilibrium

h
E 1 1
conduction band i i L
7 i gC(E) 08 08 |-
0.6 0.6 -
= 0.4 041
0.2 0.2
e — 0 0 |-
valence band I I I | I I
-6 -4 -2 0 -0.2 -0.1 0 0.1 0.2
(E—Ef)/kT (E—Efr)(eV)

* Low T: elE—EF)/KT yaries rapidly with E.
High T: e(E=EF)/KT yaries slowly with E.
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Electron density (n) in equilibrium

h
E 1 1
conduction band i i L
7 i gC(E) 08 08 |-
0.6 0.6 -
= 0.4 041
0.2 0.2
e — 0 0 |-
valence band I I I | I I
-6 -4 -2 0 -0.2 -0.1 0 0.1 0.2
(E—Ef)/kT (E—Efr)(eV)

* Low T: elE—EF)/KT yaries rapidly with E.
High T: e(E=EF)/KT yaries slowly with E.

— f(E) becomes broader as T increases.
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Electron density (n) in equilibrium

E 1 1
conduction band i i t
<+ 7 T gc(E) 0.8 0.8F
0.6 0.6
L o L
Be 0.4 0.4r
0.2 0.2
E,E—————— 0 or
valence band L : : L L : : :
-6 -4 -2 0 2 4 6 -0.2 -0.1 0 0.1 0.2
(E—Ef)/kT (E—Efr)(eV)
* Low T: elE—EF)/KT yaries rapidly with E.
High T: e(E=EF)/KT yaries slowly with E.
— f(E) becomes broader as T increases.
* Because of the significant variation of f(E) with temperature, we can expect the electron
density to have a significant temperature dependence.
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E 1 4
conduction band
I |
0.6 4
B 0.4 B
0.2 4
E,—/————————————— 0
valence band I I I I I I I I
-6 -4 -2 0 2 4 6 -0.2 -0.1 0 0.1 0.2
(E—Er)/kT (E-EF)(eV)
o0 *)3/2,/2 oo E—E *)3/2 ) 1/2
n= [ ey = L2 [T VES R gen (R gy [Ty
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conduction band

R M
“ " valence band I I I I I I I I
-6 -4 -2 0 2 4 6 -0.2 -0.1 0 0.1 0.2
(E—Ep)/kT (E—Ef)(eV)
o0 *)3/2,/2 oo E—E *)3/2 ) 1/2
n= [T e = TR [T VE B e (PR gy [Ty
E. 2R3 E. 1+ e(E-ER)/KT 2R3 o 1l+4en—me
2 . Er — E
—n= N ﬁﬂ”(nc) with ne = %
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conduction band

o
! valence band I I I I I I I I
6 -4 -2 0 2 4 6 02 01 0 0.1 02
(E—Er)/kT (E—Ef) (eV)
oo * (o) * %)
_ _ (mn)3/2ﬁ/ VE—E _ (mp)¥? 3/2 n'/2
n= /E gc(E)F(E)dE = 20 e dE = g V2(KT) /0 e dn
2 . EF — E
—n=Nc 7]:1/2(716) with 7e = %
oo
* Fi/2(nec) = / m dn, is called the “Fermi-Dirac integral of order 1/2.”
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conduction band

e R
! valence band I I I I I I I I
6 -4 -2 0 2 4 6 -0.2 0.1 0 0.1 0.2
(E—Er)/kT (E—Er) (eV)
_ [~ _(mp¥Av2 e VE-E _ (mp)*? 32 [ n'/?
n= /E g (E)f(E)dE = " / 5 SE—E) /T dE = 303 V2 (kT) /O e dn
2 . Er — E
— n= Nc 7]:1/2(716) with e = %
oo
* Fi/2(nec) = / m dn, is called the “Fermi-Dirac integral of order 1/2.”
m:kT13/?
* N =2 [ 2" = } is called the “effective” density of states for the conduction band.
h

M. B. Patil, IIT Bombay



£ T 1

conduction band

""" T8 (E)
0.1
EF;
0.01
E,————————————
valence band L L I I I 0.001 I I I I I
-6 -4 -2 0 2 4 6 0 1 2 3 4 5 6
(E—Er)/kT (E—Eg)/kT

When the Fermi level is below E. — 3kT, f(E)~ fiyg(E), and
*\3/2
o= (M2 " VEE (T ae

2R3

_ ( )3 2f (kT)3/2/ Ve ( E,:)/kT) dn.
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£ T 1

conduction band

""" T8 (E)
0.1
EF;
0.01
E,————————————
valence band L L I I I 0.001 I I I I I
-6 -4 -2 0 2 4 6 0 1 2 3 4 5 6
(E—Er)/kT (E—Eg)/kT

When the Fermi level is below E. — 3kT, f(E)~ fiyg(E), and
*\3/2
o= (M2 " VEE (T ae

2R3

_ ( )3 2f (kT)3/2/ Ve ( E,:)/kT) dn.

/ e ndn_£ b (ma)7"v2 );/\f( )3/2f —EF)/KT _ o (Ec—Er) /KT
m2h3
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Hole density (p) in equilibrium

conduction band i
EE+——7"" B g.(E)

valence band

(E— Ee)/kT

&(E) = " g (E) (1 - f(E)) dE.

m*3/2 , — E,
(m3)/2\/2(E, ~ E) - |
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Hole density (p) in equilibrium

conduction band i
EE+——7"" B g.(E)

Eg
T e
valence band T 6 -1‘1 _‘2 (‘) 2‘ 1‘1 6
(E— Ex)/KT
(m3)3/2\/2(E, — E) E
g(E) = 2V E<E, p= [ a(B)1-f(E) dE.
—00
. (m%)3/2 & /2(E, — E) E

7213 ) oo 1+ e (E—ER)/KT
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Hole density (p) in equilibrium

conduction band i
EE+——7"" B g.(E)

valence band

(E— Ee)/kT

(m3)¥/2\/2(E, — E)

gV(E) =

E,
L E<E, p= /_ g (E) (1 — f(E)) dE.

m2h3
_(mp) s VAE-E)
P=""33 oo 1+ e—(E-ER)/kT
(m;)3/2 3 e 771/2 E, — E E, 7EF
:72kT/2/ —  dn, withnp=—“—— andn, = L "
pae V2UTYE [ s da with n = == and oy = =
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Hole density (p) in equilibrium

conduction band i
EE+——7"" B g.(E)

valence band

(E— Ee)/kT

(m3)¥/2\/2(E, — E)

gV(E) =

E,
L E<E, p= /_ g (E) (1 — f(E)) dE.

m2h3
_(mp) s VAE-E)
P=""33 oo 1+ e—(E-ER)/kT
(m;)3/2 3 e 771/2 E, — E E, 7EF
:72kT/2/ —  dn, withnp=—“—— andn, = L "
pae V2UTYE [ s da with n = == and oy = =

2 m* 3/2
=N, — ]-'1/2(77\/), where N, =2 [ P } is the effective density of states for the valence band.
s

VT 27h?

M. B. Patil, IIT Bombay



Hole density (p) in equilibrium

conduction band
EE4———"— -
E, | "
N R
EE——
valence band

(E— E)/KT

When EF > E, + 3 kT, 1 — f(E) can be approximated using the Maxwell-Boltzmann function.

1—f(E)~e (EF—B/KT _ p= N, e (EF—E)/KT,
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Hole density (p) in equilibrium

conduction band
EE4———"— -
E, | "
N R
EE——
valence band

(E— E)/KT

When EF > E, + 3 kT, 1 — f(E) can be approximated using the Maxwell-Boltzmann function.

1—f(E)~e (EF—B/KT _ p= N, e (EF—E)/KT,
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Er > Ec — 3kT

(degenerate semiconductor)

2 E.—E
":Ncﬁfl/z(%% 7]c:7< ckT F)
(Ee-E.)/kT

p=N,e"

|E, +3KT < Er < E. — 3kT |

(non-degenerate semiconductor)
n— N e (E-EkT

p— N, e (EE)AT

Er < E, +3kT

(degenerate semiconductor)
n =N, e (EEr)/kT

2 Er — E,
ﬁfl/z(m% T]v**( KT )

p=N,

1014 L

n,p(cm~3)

1010 L

10°

I I I
0 02 04 06 08 10 12
EF(eV)

Electron and hole densities in silicon
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valence )
band forbidden
gap

forbidden .
gap conduction
band

10% 10%
T=300K
109 100
N T
£ £
S o
o 10%} < 10%
E, E.
! !
17 | I I I 107 I I L
-01 —005 0 005 01 015 095 1 105 11 115 12

Er (eV)

Ee (eV)
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valggﬁs <—1_> forbidden forb|dggg,_1_> conduction
gap

1020 1020 band
T=300K
10194 109L
2 ‘ T
£ £
L L
o 1081 = 10%8L
E, Ec
* |
17 I I I I 107 I I I
—-0.1 —-005 O 005 0.1 015 0.95 1 105 11 115 12
Er (eV) Er (eV)
-------------- . 2 Ec— Ef
* pFermi — A \/77]_—1/2(776)’ Ne = — ( CkT ) * nMB — Nce*(Ec7EF)/kT
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Valggﬁg ‘—1_. forbidden forbldggg ‘—1—> Eon(éuction
gap an
10— 10
T=300K
1019 1019
T : T
E 5
= 10 = 101,
E, E.
|
108 7 ‘ : ; ; :

L L 1 I I 107 L
-02 0 02 04 06 08 10 12 -0.1 —005 0 005 01 015 0.95 1 105 11 115 12

Er (eV) Er (eV) Er (eV)
B 3kT
--------------- . 2 E.—E
* pFermi — A \/77]_—1/2(776)’ Ne = — ( CkT F) * nMB — Nce*(Ec7EF)/kT
. 2 Er — E —(Er—
E, * pFerml =N, ﬁfl/2(nv)v no=— ( o V) * pMB = N,e (EF—E,)/kT
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forbidd .
valggﬁs <_1 forbidden orbi 922‘—1 conduction
102 gap 102 band
T=300K
10"k 10
T a
£ £
o 2
o 1081 = 10
E, E.
' !
106 L L 17 L L L L 107 L L L
-02 0 02 04 06 08 10 12 —-0.1 —0.05 O 0.05 01 0.15 0.95 1 1.05 1.1 115 1.2
Er (eV) Er (eV) Er (eV)
B 3kT 5 E E
"""""""" ! — EF _(E.—
* pFermi = N 7 Fij2(ne), me=— ( CkT ) * nMB = N.e—(Ec—EF)/kT
. 2 Er — E
Fermi _ _ F v MB _ —(EF—Ey)/kT
* =N, — F , =—| — * = N, F—Ev
E, P v J 1/2(77v) v ( KT ) P ve
* For EF < (Ec —3kT), nMB = pFermi
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forbidd .
valggﬁs <_1 forbidden orbi 922‘—1 conduction
102 9o 102 oand
T=300K
101 10"

2 T

£ £

L A

o 1081 = 10%8L
E, E.
' !
106 L L 17 L L L L 107 L L L
-02 0 02 04 06 08 10 12 —-0.1 —0.05 O 0.05 01 0.15 0.95 1 1.05 1.1 115 1.2
Er (eV) Er (eV) Er (eV)
B 3kT 5 E E
--------------- .- f — EF _(E.—
pFermi — N ﬁ ]'—1/2(776): Ne = — ( CkiT ) * nMB = N.e—(Ec—EF)/kT
. 2 Er — E
Fermi __ N, — F, J— EF T v * MB _ N, —(EF—Ev)/kT
E, p = 172(mv), v ( w7 ) p ve
For Ef < (Ec —3kT), nMB = pFermi
_______________ For Er > (E, +3kT), pMB ~ pFermi
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Carrier statistics in equilibrium: Example

For silicon at T=300K and in equilibrium (with N. =2.8 x 1019 em—3,
N, =1.04 x 101 cm~3, E, =1.12eV),
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Carrier statistics in equilibrium: Example

For silicon at T=300K and in equilibrium (with N. =2.8 x 1019 em—3,
N, =1.04 x 101 cm~3, E, =1.12eV),

(a) Find Efg for which n and p are equal. This Fermi level is called E;, the
“intrinsic” Fermi level.
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Carrier statistics in equilibrium: Example

For silicon at T=300K and in equilibrium (with N. =2.8 x 1019 em—3,
N, =1.04 x 101 cm~3, E, =1.12eV),

(a) Find Efg for which n and p are equal. This Fermi level is called E;, the
“intrinsic” Fermi level.

(b) Obtain expressions for n and p in terms of (E; — Ef) (instead of (E. — EF)
and (EF — E,)). Assume non-degenerate conditions.
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Carrier statistics in equilibrium: Example

For silicon at T=300K and in equilibrium (with N. =2.8 x 1019 em—3,

N, =1.04 x 101 cm~3, E, =1.12eV),

(a) Find Efg for which n and p are equal. This Fermi level is called E;, the
“intrinsic” Fermi level.

(b) Obtain expressions for n and p in terms of (E; — Ef) (instead of (E. — EF)
and (EF — E,)). Assume non-degenerate conditions.
(c) Plot gc(E) f(E) and gv(E) [1 — f(E)] versus E for
E,': =E; +20meV,
EF = E,' + 10 meV,
EF =E;,
E,': = E; — 10 meV,
EF S E,' — 20 meV.
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The condition n= p is satisfied when Ef is about (E, + E¢)/2. 108]
— We can use MB statistics, i.e.,
7
N, e (Ec—Ep)/KT — N, e—(EF—E,)/kT E 10%r
=
[=
1010 [
105 L L L L L L
-02 0 02 04 06 08 10 12
Er (eV)
conduction band
———————E.
EE
o EOTE R P R E

valence band
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The condition n= p is satisfied when Ef is about (E, + E¢)/2. 108]
— We can use MB statistics, i.e.,
N e—(Ec—ER)/KT — N, e—(EF—E,)/KT ‘g 104
N, pi
— —Ec+ Ef+ Ef — E, = kT log —~.
Ne¢ 10%°
105 | | | |

| |
-02 0 02 04 06 08 10 12
Er (eV)

conduction band

valence band
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The condition n= p is satisfied when Ef is about (E, + E¢)/2.

— We can use MB statistics, i.e.,
Ne e (Ec=EF)/kT — N, e—(EF—Ev)/kT

N,

— —E.+ Ef + Er — E, = kT log —.
N

N,

—>EF: N
c

kT
(Ec+Ev) + o log

N | =

1010 [

10°

I I
02 04 06 038

Er (eV)
conduction band
—E.
Eg
R R e E;

valence band
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The condition n= p is satisfied when Ef is about (E, + E¢)/2. 101
— We can use MB statistics, i.e.,
N e (Ec—EF)/KT — N, e—(EF —Ev)/kT ‘g 101
N, pi
— —Ec+ EF+ EF — E, = kT log —.
N 10"
1 kT N,
— Efp =~ (Ec+E)+ — log —~.
2 2 Nc 100 \
1 3 m* -02 0 0
NV/Nc:(m;/m:)3/2 — EF=E = 5 (Ec + Ev) + Z kT log 72
mn

I I
2 04 06 08

Er (eV)
conduction band
— F,
Eg
**************** E;

valence band ’
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The condition n= p is satisfied when Ef is about (E, + E¢)/2. 108]
— We can use MB statistics, i.e.,
N, e—(Ec—Er)/KT — N, e—(Er—E,)/kT ‘g 101
N, pi
— —Ec+ EF+ EF — E, = kT log —.
N 101
1 kT N,
— Efp =~ (Ec+E)+ — log —~.
2 2 NC 106 | | | | 1 1
1 3 m* =02 0 02 04 06 08 10 12
Ny/Ne=(m%/m3)32 — Ep = E; = 5 (Ec+E)+ n kT log —2. Er (eV)
mn

. . . conduction band
* The second term in the above equation is about —7.3 meV,  — el

i.e., the intrinsic Fermi level E; is located 7.3 meV below the
centre of the band gap.

valence band
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The condition n= p is satisfied when Ef is about (E, + E¢)/2. 108]
— We can use MB statistics, i.e.,
N, e—(Ec—EF)/KT — |, e—(EF—E,)/KT ‘g 101
N, b
— —Ec+ EF+ EF — E, = kT log —.
Nc 101 -
1 kT N
— Efp =~ (Ec+E)+ — log —~.
2 2 NC 105 Il L L L | |
1 3 m* ~02 0 02 04 06 08 10 12
Ny/Ne=(m%/m3)32 — Ep = E; = 5 (Ec+E)+ n kT log —2. Er (eV)
mn
conduction band
* The second term in the above equation is about —7.3 meV, ———————E.
i.e., the intrinsic Fermi level E; is located 7.3 meV below the
centre of the band gap. Eg
* If N. and N, were equal, E; would be exactly at the centre of Tt Ei

the band gap.

valence band
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When Er = E;, we have n= p = n;, the “intrinsic carrier 108]
concentration.”
The actual electron concentration (for a given Fermi level EF) can 7 "
be written in terms of n; as follows. £ w7
o
n= Nce (Ec—ER)/KT — p. = N e (Ec=E)/kT < o
1071
N G(Er—E)/KT n; e\ EF—E)/KT
nj
P . . 6
Similarly, for the hole concentration p, we obtain 100 02 02 06 08 10 12
p=n; e(Er'fEF)/kT. Er (eV)
conduction band
+———E
Eg
S ERRCOEEETLEERS E
valence band ’
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When Er = E;, we have n= p = n;, the “intrinsic carrier 108]
concentration.”
The actual electron concentration (for a given Fermi level EF) can 7 "
be written in terms of n; as follows. £ w7
o
n= Nce (Ec—ER)/KT — p. = N e (Ec=E)/kT < .
1071
N G(Er—E)/KT n; e\ EF—E)/KT
nj
Similarly, for the hole concentration p, we obtain 1@0_2 0 02 04 06 08 10 12
p=n; e(Er'*EF)/kT. Er (eV)
* for Ep > E;, n > p. conduction band .
Eg
S ERRCOEEETLEERS E
valence band ’
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When Er = E;, we have n= p = n;, the “intrinsic carrier 108]
concentration.”
The actual electron concentration (for a given Fermi level EF) can 7 "
be written in terms of n; as follows. £ w7
o
n= Nce (Ec—ER)/KT — p. = N e (Ec=E)/kT < o
1071
N G(Er—E)/KT n; e\ EF—E)/KT
nj
Similarly, for the hole concentration p, we obtain 1@0_2 0 02 04 06 08 10 12
p=n; e(Er'*EF)/kT. Er (eV)
* for Ep > E;, n > p. conduction band
+———E
* For EF < E;, n < p.
Eg
S ERRCOEEETLEERS E
valence band ’
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conduction band
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valence band

* g.(E) =
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Temperature dependence of n;

n—= NC e_(EC_EF)/kT7 p= NV e_(EF_Ev)/kT_
When EF =E;, n=p=n;, i.e.,

n=nj =N, e (E~EV/KT  p—p = N, e—(E—E)/KT



Temperature dependence of n;

n—= NC e_(EC_EF)/kT7 p= NV e_(EF_Ev)/kT_
When EF =E;, n=p=n;, i.e.,

Ec—E;)/kT o—(E—E)/KT

n:ni:NCe_( p=ni=N,

—np= n? = N:N, e_(Ec_Ev)/kT = NN, e_Eg/kT



Temperature dependence of n;

n—= NC e_(EC_EF)/kT7 p= NV e_(EF_Ev)/kT_
When EF =E;, n=p=n;, i.e.,

Ec—E;)/kT o—(E—E)/KT

n:ni:NCe_( p=ni=N,

—np= n? = N:N, e_(Ec_Ev)/kT = NN, e_Eg/kT

— nj = /NN, e—Eg/2kT

KT \3/?
— 2(m:m;)3/4 (27rh2> e—Eg/2kT

= K T3/2 ¢—Eg/2kT



Temperature dependence of n;

1020 [ T T T T T

E K ]

n=Nee (Ec—ER)/KT o — N, e—(EF—E,)/KT 0% ¢ :
10 [
When EF =E;, n=p=n;, i.e., 10 F
o 10% F

n=n; = N¢ e_(Ec_Ei)/kT7 p=n =N, e—(Ei—Ev)/kT ‘E E 1

S 00 f g

—np= n? = N:N, e_(Ec_Ev)/kT = NN, e_Eg/kT < 5: ]

O e S B

s = /NNy e—Es/26T - e TR KT ]

kT \3% _ ]

:2(m;m;)3/4 (27rh2> e—Eg/2KT 1015 E ‘

, ‘ ]
200 300 400 500
— K T3/2 a—Eg/2kT T(K)



Temperature dependence of n;

102 r T T T T T
: K ]
n=Nee (Ee—ER/KT N, e~(EF—E)/kT 1015? :
10 [
When EF:E,-' n=p=n;, ie., 10 f
o 10° F
n=n; = Nee (Ec=E)/KT  p—p, = N, e (E—E)/KT e E ]
S 00 f g
—np=n?= NN, e (Ee=EN/KT = NN, e=Fs/kT st E
O e S ey
s = /NNy e—Es/26T — e TR KT ]
KT \3/2 LT
=2(mymp)3/* (72> e 1075 & : : "
2rh 200 300 400 500
T(K)

= K T3/2 ¢—Eg/2kT
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Temperature dependence of n;

102 r T T T T T
: K ]
n=Nee (Ee—ER/KT N, e~(EF—E)/kT 1015? :
10 [
When EF:E,-' n=p=n;, ie., 10 f
o 10° F
n=n; = Nee (Ec=E)/KT  p—p, = N, e (E—E)/KT e E ]
S 00 f g
—np=n?= NN, e (Ee=EN/KT = NN, e=Fs/kT st E
O e S ey
s = /NNy e—Es/26T — e TR KT ]
KT 32 LT
=2(mymp)3/* (72> e 1075 & : : "
2rh 200 300 400 500
T(K)

= K T3/2 ¢—Eg/2kT

For silicon, near room temperature, n; nearly doubles
with every 10 °C rise in temperature.
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How to obtain Ef

E;
EVJ/EV+3kT Ec—3kTw Ec
1022 \L ‘MB T T L
: ‘\‘/ P nvB . :
L] ]
Fermi
—~ p ’
(?E » ; nFermng
§ 10%) 1
o
< L 1
1010 L -
L T=300K |
106 I |

1 1
—-02 0 02 04 06 08 10 12
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How to obtain Ef

E;
EVJ/EV+3kT E. — 3kT

11
1022 \L \MB T T L
* So far, we have assumed a certain Ef (with respect to Ec /p nMB —
and E,) and obtained n and p. L X ’
10181
Fermi
o": L P nFermi,
€ 1014 L
L L
o
é b
10101
L T=300K
106 I |

1 1
—-02 0 02 04 06 08 10 12

M. B. Patil, IIT Bombay



How to obtain Ef

E;
EVJ/EV+3kT E. — 3kT

1T
1022 \L ‘MB T T L
* So far, we have assumed a certain Ef (with respect to Ec /p nM8 —
and E,) and obtained n and p. I 1
18 J
* In practice, we only have information such as N¢, N, Eg, T, 10 L 1
and doping densities (N, and Ny). . L pFermi ./
™ L n ermi |
‘E 1014 _
2 L 1
o
é F 4
10%° A
|| T=300K ]
105 —

1 1
—-02 0 02 04 06 08 10 12
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How to obtain Ef

E;
EVJ/EV+3kT E. — 3kT

10

10% ‘L e ‘ ‘ L
* So far, we have assumed a certain Ef (with respect to Ec [ P nME ]
and E,) and obtained n and p. I 1
18] i
* In practice, we only have information such as N¢, N, Eg, T, 10 L i
and doping densities (N, and Ny). . L pFermi ./
™ L ermi |
* We now want to consider the reverse problem of finding Ef ‘E 10M4}+ "]

. o
(and n, p), given the above data. = r 1
g I ]
1010+ A
L T=300K ]
106 I 1

1 1
—-02 0 02 04 06 08 10 12
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Charge considerations in equilibrium: intrinsic semiconductor

conduction band 1S . . . .
——

- E,
valence band

* At 0K, the positive charge due to the atomic cores balances the negative charge
due to valence electrons.



ge considerations in equilibrium: intrinsic

conduction band 1S . . . .
——

- E,
valence band

* At 0K, the positive charge due to the atomic cores balances the negative charge
due to valence electrons.

* As temperature increases, some of the valence electrons become free, i.e., they enter
the conduction band, leaving behind positively charged holes in the valence band.



Charge considerations in equilibrium: intrinsic semiconductor

o e o e o e o e L 2 L 2 L 2 L 2
conduction band : : : : : : : : : :

7 Ec o e o e o e o e L 2 L 2 L 2 L 2
L] L] L] L] L] L] L] L] L] L]
L] L] L] L] L] L] ° ° L] ° °

E, o e o e o e o e L 2 L 2 o L 2
L] L] L] L] L] L] L] L] L] L]
L] L] L] L] L] L] ° L] L] L] L]

o e o e o e o e O L 2 L 2 L 2
- E, [ [ [ [ [ L] L] L] L] L]
valence band ? ? ? ? ? ! ! ! ! !

o e o e o e o e L 2 L 2 L 2 L 2

T=0K T=300K

* At 0K, the positive charge due to the atomic cores balances the negative charge
due to valence electrons.

* As temperature increases, some of the valence electrons become free, i.e., they enter
the conduction band, leaving behind positively charged holes in the valence band.



Charge considerations in equilibrium: intrinsic semiconductor

o e o e o e o e L 2 L 2 L 2 L 2
conduction band : : : : : : : : : :

7 Ec o e o e o e o e L 2 L 2 L 2 L 2
L] L] L] L] L] L] L] L] L] L]
L] L] L] L] L] L] ° ° L] ° °

E, o e o e o e o e L 2 L 2 o L 2
L] L] L] L] L] L] L] L] L] L]
L] L] L] L] L] L] ° L] L] L] L]

o e o e o e o e O L 2 L 2 L 2
- E, [ [ [ [ [ L] L] L] L] L]
valence band ? ? ? ? ? ! ! ! ! !

o e o e o e o e L 2 L 2 L 2 L 2

T=0K T=300K

* At 0K, the positive charge due to the atomic cores balances the negative charge
due to valence electrons.

* As temperature increases, some of the valence electrons become free, i.e., they enter
the conduction band, leaving behind positively charged holes in the valence band.

* The number of electrons in the conduction band is equal to the number of holes in
the valence band.
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ge considerations in equilibrium: intrinsic

o e o e o e o e L 2 L 2 L 2 L 2
conduction band : : : : : : : : : :

7 Ec o e o e o e o e L 2 L 2 L 2 L 2
L] L] L] L] L] L] L] L] L] L]
L] L] L] L] L] L] ° ° L] ° °

E, o e o e o e o e L 2 L 2 o L 2
L] L] L] L] L] L] L] L] L] L]
L] L] L] L] L] L] ° L] L] L] L]

o e o e o e o e O L 2 L 2 L 2
- E, [ [ [ [ [ L] L] L] L] L]
valence band ? ? ? ? ? ! ! ! ! !

o e o e o e o e L 2 L 2 L 2 L 2

T=0K T=300K

* At 0K, the positive charge due to the atomic cores balances the negative charge
due to valence electrons.

* As temperature increases, some of the valence electrons become free, i.e., they enter
the conduction band, leaving behind positively charged holes in the valence band.

* The number of electrons in the conduction band is equal to the number of holes in
the valence band.

* Also, their densities must be equal since the electrostatic potential is constant (no
electric field) — n=p.
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conduction band * * * * * ? * * * *
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C
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* When there are donor or acceptor atoms in the lattice, we have the following charged species.
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* When there are donor or acceptor atoms in the lattice, we have the following charged species.

- electrons in the conduction band (density n)
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* When there are donor or acceptor atoms in the lattice, we have the following charged species.

- electrons in the conduction band (density n)
- holes in the valence band (density p)
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* When there are donor or acceptor atoms in the lattice, we have the following charged species.

- electrons in the conduction band (density n)
- holes in the valence band (density p)
- ionised donor atoms (density N.)
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* When there are donor or acceptor atoms in the lattice, we have the following charged species.

- electrons in the conduction band (density n)
- holes in the valence band (density p)

- ionised donor atoms (density N.)

- ionised acceptor atoms (density N )
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Charge considerations in equilibrium: doped semiconductor
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* When there are donor or acceptor atoms in the lattice, we have the following charged species.

- electrons in the conduction band (density n)
- holes in the valence band (density p)
- ionised donor atoms (density N.)
- ionised acceptor atoms (density N )
* |If the doping densities (N, or Ny or both) are uniform in space, charge neutrality in equilibrium requires
—gn+qp+qNj —gNy =0 — n+N; =p+NJ.
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* Let the donor density be Ny. Some of the donor atoms donate their electrons and acquire a net positive
charge; the others remain neutral. — Ny = N;r + Ng‘



ge considerations in equilibrium

conduction band

7*% E.
e Ey
Eg

<
valence band

* Let the donor density be Ny. Some of the donor atoms donate their electrons and acquire a net positive
charge; the others remain neutral. — Ny = N;r + Ng‘

* Similarly, N, = N + N9.



considerations in equilibrium

conduction band

7*% E.
e Ey
Eg

<
valence band

* Let the donor density be Ny. Some of the donor atoms donate their electrons and acquire a net positive
charge; the others remain neutral. — Ny = N;r + Ng‘

* Similarly, N, = N + N9.
Ny 1 Ny 1

. + _ . _
* The ratios N /Ny and N, /N, are given by Ny T 2eE VR N, — 13 4o EIRT
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* Let the donor density be Ny. Some of the donor atoms donate their electrons and acquire a net positive

charge; the others remain neutral. — Ny = N;r + Ng‘

* Similarly, N, = N + N9.

N+
* The ratios N /Ng and N3 /N, are given by N—d =
d

1

T 14 2elEF—Eg)/kT’

N, 1
N, 1+ 4elEa—Er)/KT
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* Let the donor density be Ny. Some of the donor atoms donate their electrons and acquire a net positive

charge; the others remain neutral. — Ny = N;r + Ng‘

* Similarly, N, = N; + /\IS.
N+

* The ratios N /Ng and N3 /N, are given by N—d =
d

* Ny /Ng — 1if EF is sufficiently below Eg.

1

Ny 1

T 11 2eE-EN/KT N, 14 4elBa—ER)/KT
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* Let the donor density be Ny. Some of the donor atoms donate their electrons and acquire a net positive

charge; the others remain neutral. — Ny = N;r + Ng‘

* Similarly, N, = N; + /\IS.

N+
* The ratios N /Ng and N3 /N, are given by N—d =
d

* Ny /Ng — 1if EF is sufficiently below Eg.

1

T 14 2elEF—Eg)/kT’
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No ~ 1+ 4eEER)/KT



ge considerations in equilibrium

conduction band

-te oo Ey

1 . 1t
0.8 T=50K7X\\ 1 osf
100K—
L06[ 200K~ 1 .06
£ 300k £
o4t 4 04+
02+ 1 ook
or 0
Il Il Il Il Il
08 09 1 11 12 01 0.1 02 03
Er (eV) Er (eV)

* Let the donor density be Ny. Some of the donor atoms donate their electrons and acquire a net positive

charge; the others remain neutral. — Ny = N;r + Ng‘

* Similarly, N, = N; + /\IS.

N+
* The ratios N;‘/Nd and N; /N, are given by N—d = 11 2 e Ey/AT
d e\v=k—

* Ny /Ng — 1if EF is sufficiently below Eg.

* N3 /N, — 1if Eg is sufficiently above Ej.

1

Na-

1

No ~ 1+ 4eEER)/KT
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Calculation of n and p in equilibrium

* n+N; =p+ N:j.
conduction band

x EC
S—)
Eé
”’("””Ea .

0
valence band
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Calculation of n and p in equilibrium

* n+N§:p+N;.

conduction band e N, e Ny
g E. * Nee (Ee—Ep)/kT o 78 _ N e (Ep—E)/kT . 7
,,,&,,,,Ed 1+ 4 e(Ea—EF)/kT 1 + 2 e(EF—Eq) /KT
Eé
,,,(,',,,,Ea E

0
valence band
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Calculation of n and p in equilibrium

* n+N§:p+N;.

conduction band N Ny
g E. * Nee (Ee—Ep)/kT o 78 _ N e (Ep—E)/kT . 7
,,,&,,,,Ed 1+ 4 e(Ea—EF)/kT 1 + 2 e(EF—Eq) /KT

* We can take E, as a reference — E, =0, Ec = E;.

0
valence band
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Calculation of n and p in equilibrium

conduction band

’
Sy
Eé
,,,(,',,,,Ea

0
valence band

* n+N§:p+N;r.

N _ N, e (EF—EN/KT Na

(B hT . Na _Nd
* Nee Tl L 4eEEr/kT 1+ 2 elEr—E)/kT

* We can take E, as a reference — E, =0, Ec = E;.

* This is a nonlinear equation in EF and must be solved iteratively.
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Calculation of n and p in equilibrium

conduction band

pa

Sy

0
valence band

n+ Ny =p+NJ.

Na — N, e—(EF—E)/KT Na
T aeE Ear — Mve Y o eE—E)/aT

N e—(Ec—EF)/KT 4
We can take E, as a reference — E, =0, Ec =E;.

This is a nonlinear equation in Ef and must be solved iteratively.
Note that E; depends on the temperature. For silicon,
Eg(T)=Ez(0) —aT?/(3+T),

with Eg(0)=1.17eV, a=4.73 x 10~%eV/K, and S =636 K.
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Calculation of n and p in equilibrium

* n+N§:p+N;r.

conduction band N Ny
2 E. % Nee (Ec—EpR)/kT 4 72—\, e (EF—E)/kT o °d
,,,&,,,,Ed 1+ 4 e(Ea—EF)/kT 1 + 2 e(EF—Eq) /KT

* We can take E, as a reference — E, =0, Ec = E;.
* This is a nonlinear equation in EF and must be solved iteratively.
* Note that E; depends on the temperature. For silicon,
E(T)=Eg(0) — aT2/(B+ T),
with Eg(0)=1.17eV, a=4.73 x 10~%eV/K, and =636 K.

* Let us look at the results obtained for a few representative values of Ny and N,, with
E. — E;=45meV, E; — E, =45 meV.

0
valence band
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n and p in equilibrium

T T T
* With Ny =10®cm—3 and N, =0, 9 F E.
- At room temperature (300K), = | T E 17 ]
n= Ny, and p < n. > 0 I ]
2L 1 L e
5 T
L 1 L S _—
ol E, 7»,_,,«,-::’,,— ,,,,,,,,,,,,,,,, I,E?,,,,.,/,,Y,,
L | L | L | L | L | L L | L | L | L | L | L
2 T T T T T T T T
mg Ng=10"%/cm? Ng =0
o N, =0 N, =10"%/cm?®
©
el 7 g
2
g ]
3 P ] ]
O n il n il n il n I Il Il Il L I
0 100 200 300 400 500 600 O 100 200 300 400 500 600
T(K) T(K)
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n and p in equilibrium

T T T
* With Ny =10 cm~3 and N, =0, 1 L E.
- At room temperature (300K), = | T E 17 ]
n= Ny, and p < n. > 0 I ]
- Since N; + p=n, we have 2‘2 r N r - —E"' """" y
NT~N, i w L i L T F 4
. ~ Ny, i.e., complete . e E E,
| a ]
ionisation of the donor atoms. 0Fr I I I I i I f""""”””“ """ ‘ """ “'/
2 ‘ T ‘ T ‘ T ‘ T ‘ ‘ ‘ T ‘ T ‘ T ‘ T ‘ ‘
mg Ng=10"/cm® Ng =0
S N, =0 N, =10"%/cm?®
©
Al 7 3
2
3 ]
a [ ]
O n il n il n il n I Il Il Il L I
0 100 200 300 400 500 600 O 100 200 300 400 500 600
T(K) T(K)
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n and p in equilibrium

T T T
* With Ny =10®cm—3 and N, =0, 9 L E.
- At room temperature (300K), = | T E 17 ]
n= Ny, and p < n. > 0 I ]
- Since N; + p=n, we have § r N r - —E"' """" y
+ . | 1 T F
N; = Ny, i.e., complete = ST = - E E, ]
ionisation of the donor atoms. 0 ! ! ! ! E, ! f""""'::””“ """ I ‘a‘/
* With N, =10 cm=3 and Ny =0, [ T
o Ng=10"%/cm® Ng =0
- At room temperature (300 K), g N, =0 N, = 105 /cm?
px~ N, and n < p. %
Rl 7 :
b
3 ]
3 P ] ]
O L L L L I Il Il Il L I
0 100 200 300 400 500 600 O 100 200 300 400 500 600
T(K) T(K)
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n and p in equilibrium

* With Ny =10®cm—3 and N, =0, 9 F E.
- At room temperature (300K), = | T E 1T ]
n= Ny, and p < n. > 0 I ]
- Since NJ + p=n, we have g 1 T T ]
N = Ny, i.e., complete oL 1 F T — - 3y
d ~ Nd, 1.€., P i - E, 7]

ionisation of the donor atoms.

o
T
m
<
T
\
\
A
m
»

% With N, =10 cm—3 and Ny =0, 2 ——— ‘ ‘ ‘ ‘ ‘
- Ng=10"/cm Ny =0
- At room temperature (300 K), g N, =0 N, =10"/cm?
px~ N, and n < p. %
- Since N; + n=p, we have 2 T n b
N; = N,, i.e., complete ‘% b
ionisation of the acceptor atoms. é b ]
00 160 260 360 460 500 ‘ 600 0 160 260 360 460 500 ‘ 600
T(K) T(K)
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n and p in equilibrium

* With Ny =10®cm—3 and N, =0, 9 F E.
- At room temperature (300K), = T E. 10 ]
n= Ny, and p < n. > 0 I ]
- Since N;r + p=n, we have § r 2 [ e e = b
N+ ~ N, H w L i LT - F 4
. ~ Ny, i.e., complete £ 1 E. E,
ionisation of the donor atoms. 0Fr : oo et

* With N, =101 cm—3 and Ny =0, 2 LT | | — T ]
- Ng=10"/cm Ny =0
- At room temperature (300 K), g N, =0 N, = 105 /cm?
p~ N, and n < p. S
- Since N; + n=p, we have x T n b
N3 =~ Nj, i.e., complete ‘;‘; 1
ionisation of the acceptor atoms. é )
* In fact, the condition of complete 00100 200 300 400 500 600 0 100 200 300 400 500 600
ionisation is valid over a wide range of T(K) T(K)

temperatures, called the “extrinsic”
temperature region.
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n and p in equilibrium

T T T
* Note that one of the carrier densities 9 L E,
is much larger than the other (in the ~ [ ]
extrinsic region). The more abundant E T~ _Ef
carrier is called the “majority carrier,” % [ T T ]
and the other carrier is called the s 1T - —E""" 7
“minority carrier.” wor 10 T F .
ol E, 1 [ gt DN I,E?,,,,.,/,,Y,S
L 1 L 1 L 1 L 1 L 1 L L 1 L 1 L 1 L 1 L 1 L
2 T T T T T T T T
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S N, =0 N,=10"/cm?
©
el n *
=
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n and p in equilibrium

* Note that one of the carrier densities 9 L E,
is much larger than the other (in the [ ]
extrinsic region). The more abundant E T _Er
carrier is called the “majority carrier,” % [ Tl T ]
and the other carrier is called the s 1 T 7
“minority carrier.” w L [ O B S g F ]
o E 1 ,_,:«,-::i'fi'j ,,,,,,,,,,,,, I,E,a, . ,/, I,EY, 4
* For Ny =10 cm~3 and N, =0, o —(—— ‘V‘ ‘ T A R S R
electrons are the majority carriers. 2 T T T T T T T T
For N,=10'cm~3 and Ny =0, < Ng=10""/cm® Na=0
holes are the majority carriers. S N, =0 N, =10"%/cm?®
e
el n *
=
2 ]
o P ]
L L L L L L L L L L
00 100 200 300 400 500 600 O 100 200 300 400 500 600
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n and p in equilibrium

T T T
* Note that one of the carrier densities 9 L E,
is much larger than the other (in the ~ [ ]
extrinsic region). The more abundant E T _Er
carrier is called the “majority carrier,” % [ Tl T ]
and the other carrier is called the s 1 T 7
“minority carrier.” w L [ O B S g F ]
o E eI -] I,E,a, . ’/,I,EY, A
* For Ny =10 cm~3 and N, =0, 0r ] ‘ ‘ ‘V‘ = N R
electrons are the majority carriers. 2 T T T T T T T T
For Ny =10 cm—3 and Ny =0, < Ng=10'/cm® Ng =0
holes are the majority carriers. S N, =0 N, =10"%/cm?®
* A semiconductor with electrons as :? 1L L
majority carriers is called an n-type é n
semiconductor. ? 1
A semiconductor with holes as 8 b 1
majority carriers is called a p-type 0 ! ! ! ! = ! ! ! . :
semiconductor. 0 100 200 TB(OKO) 400 500 600 O 100 200 _I?(OKO) 400 500 600
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n and p in equilibrium

T T T
1 L E,

* At low temperatures, a significant < r 7
fraction of impurity atoms remains ~°’; L ]
neutral, causing a reduction in nor p. 2 [ 1 L e

c T ’EF
& |
L 1 L [ —
ok E, 7»,_,,«,-::’,,— ,,,,,,,,,,,,,,,, I,E?,,,,.,/,,Y,,
n 1 n 1 n 1 n 1 n 1 n n 1 n 1 n 1 n 1 n 1 n
2 T T T T T T T T
< Ng=10"%/cm® Ng =0
o N, =0 N, =10"%/cm?®
©
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n and p in equilibrium

T T T
1 L E,

* At low temperatures, a significant < = =
fraction of impurity atoms remains ~°’; L i
neutral, causing a reduction in nor p. 2 [ 1 L pa— -

5 o 1

* The carriers remain “frozen” at the W [ B . _— - Er —
impurity sites, i.e., electrons remain ol E, ] [ P N Ea/"
bound to donors, and holes (vacancies) e I e —
remain bound to acceptors. . Nq = 1075 /om? N0

e o= g =
€
S N, =0 N, =10"°/cm®
©
50 7 3
2
£ ]
OC) q
o p ]
0 I I I L 1 I I I I 1
0 100 200 300 400 500 600 O 100 200 300 400 500 600
T(K) T(K)
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n and p in equilibrium

T T T
1 Ec
* At low temperatures, a significant < 7
fraction of impurity atoms remains ~°’; i
neutral, causing a reduction in nor p. 2 [ 7 e -
* The carriers remain “frozen” at the & L B S — ~- Be —
impurity sites, i.e., electrons remain [ E, ] ey S N Ea/"
bound to donors, and holes (vacancies) g = ————— s
remain bound to acceptors. . 53
& Ng=10"/cm Ny =0
* This effect is called the carrier g N, =0 N, = 10'%/cm?
“freeze-out” effect, and it can be a ,“_’o
limiting factor in low-temperature < 1r n
operation of semiconductor devices. %
5 ]
[a} P4 ]
L L L L L L L L L L
00 100 200 300 400 500 600 O 100 200 300 400 500 600
T(K) TK)
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n and p in equilibrium

* At high temperatures, the intrinsic
carrier concentration n; becomes large
and starts dominating.

Energy (eV)

o
T
T

2 ‘ T T T T
Ng=10"%/cm?
N, =0

N, =10"/cm?

Density (x10'%/cm?)

b1

f 1 n 1 n 1 " A L L | I 1

0 100 200 300 400 500 600 O 100 200 300 400 500 600
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n and p in equilibrium

T T T
1 L E,

* At high temperatures, the intrinsic < = =
carrier concentration n; becomes large ~°’; L ]
and starts dominating. 2 1 10 - -

5 g 1

* As a result, n and p become w L 4 e Er —
comparable (and larger than Ny or ol E, R e S Ea/"
Na). e -

:v’g Ng= 1015/CI'T13 Ny =0
S N, =0 N, =10"°/cm®
©
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2
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n and p in equilibrium

T T T
1 L E,

* At high temperatures, the intrinsic < = =
carrier concentration n; becomes large ~°’; L ]
and starts dominating. 2 1 10 P

5 o 1

* As a result, n and p become woL 4 e Er —
comparable (and larger than Ny or [ E, R e S Ea/"
N). Do R

* This region is called the "“intrinsic o Ng=10"5/cm?® Ng =0
region,” and it must be avoided fora § N, =0 N, = 10'%/cm?
semiconductor device to work as ©
. o
intended. T 1r n F

>
£ ]
OC) q
o P 1
O L L L L I Il Il L L L
0 100 200 300 400 500 600 O 100 200 300 400 500 600
T(K) T(K)
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n and p in equilibrium: compensated semiconductor

* If both types of dopants are present, < T Er 4 r .
. . [} "»\‘\>
the qopant with the larger density = e 1 r ]
dominates. < 1L ]
5 1 T ~Ee
[ E. E, 7] [ T - E. E, ]

T T
Ng=0.2 x 10'%/cm?
N, =10"/cm?

Ng=10"%/cm?
N.=0.2x 10'%/cm?®

Density (x10'®/cm?)
T
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n and p in equilibrium: compensated semiconductor

* If both types of dopants are present, < T Er 4 + ]
. . © 3
the dopant with the larger density = .. 4 L ]
dominates. 2 I R ]
S el =
* If Ny > N,, the semiconductor is w T F

. E | ~ e E -
n-type, and n= Ny — N, (in the S SO U = Wi S e R D Ba /0 ]
extrinsic temperature range). T R N T e O

T T
Ng=0.2 x 10'%/cm?
N, =10"/cm?

Ng=10"%/cm?
N.=0.2x 10'%/cm?®

Density (x10'®/cm?)
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n and p in equilibrium: compensated semiconductor

* If both types of dopants are present, < T Er 4 + ]
. . © 3
the dopant with the larger density = .. 4 L ]
dominates. 2 I R g
c ] e “E
* If Ny > N,, the semiconductor is w T F

. E | ~ e E -
n-type, and n= Ny — N, (in the S SO U = Wi S e R D Ba /0 ]
extrinsic temperature range). T R N T e O

* If N; > Ny, the semiconductor is
p-type, and p= N, — Ny (in the
extrinsic temperature range).

T T
Ng=0.2 x 10'%/cm?
N, =10"/cm?

Ng=10"%/cm?
N.=0.2x 10'%/cm?®

Density (x10'®/cm?)
T
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n and p in equilibrium: compensated semiconductor

* If both types of dopants are present, < T Er 1 T ]
. . > Er
the dopant with the larger density = 4L ]
dominates. 2 I R g
L= O S S o "’E
* If Ny > N,, the semiconductor is w T F

. [ E, ] [ T E, ]
n-type, and n= Ny — N, (in the Ea‘,/v B T Ba /5]
extrinsic temperature range). T R N T e O

T T
Ng=0.2 x 10'%/cm?
N, =10"/cm?

* If N; > Ny, the semiconductor is
p-type, and p= N, — Ny (in the
extrinsic temperature range).

Ng=10"%/cm?
N.=0.2x 10'%/cm?®

* A semiconductor with both types of
dopants is called a “compensated”
semiconductor.

Density (x10'®/cm?)
T
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Computation of n and p at room temperature in equilibrium
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Computation of n and p at room temperature in equilibrium

* We have seen that N;r ~ Ny and N; = N, at room temperature. This makes the
computation of n and p much easier.

M. B. Patil, IIT Bombay



Computation of n and p at room temperature in equilibrium

* We have seen that N;r ~ Ny and N; = N, at room temperature. This makes the
computation of n and p much easier.

* Charge neutrality — n+ N; =p+ NJ —n+ Ny = p+ Ng.
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Computation of n and p at room temperature in equilibrium

* We have seen that N;r ~ Ny and N; = N, at room temperature. This makes the
computation of n and p much easier.

* Charge neutrality — n+ N; =p+ NJ —n+ Ny = p+ Ng.
* Also, assuming non-degenerate conditions, we have
np = Nee (Ec=EF)/KT N, e=(EF—EV)/KT
= NN, e (Ec=Ev)/kT
= NN, e Ee/KT

= n?(T).
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Computation of n and p at room temperature in equilibrium

* We have seen that N;r ~ Ny and N; = N, at room temperature. This makes the
computation of n and p much easier.

* Charge neutrality — n+ N; =p+ NJ —n+ Ny = p+ Ng.
* Also, assuming non-degenerate conditions, we have
np = Nee (Ec=EF)/KT N, e=(EF—EV)/KT
= NN, e (Ec=Ev)/kT
= NN, e Ee/KT
= n?(T).

* The above two equations can be solved to obtain n and p.
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Computation of n and p at room temperature in equilibrium: example

In a silicon sample with Ng =5 x 10 cm~3, find the equilibrium electron and hole
concentrations at T=300K (n; =10 cm~3 at 300K).
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Computation of n and p at room temperature in equilibrium: example

In a silicon sample with Ng =5 x 10 cm~3, find the equilibrium electron and hole
concentrations at T=300K (n; =10 cm~3 at 300K).

Solution: n+ N3 :p+N;—>nzp+Nd
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Computation of n and p at room temperature in equilibrium: example

In a silicon sample with Ng =5 x 10 cm~3, find the equilibrium electron and hole
concentrations at T=300K (n; =10 cm~3 at 300K).

Solution: n+ N3 :p—l—N;' —n~p+ Ny
2
. . n;
Using np = n?, ie,, p= —, we get
n

2
—'+Ndan27nNdfn,2:0%n:
n

Ng £ /N3 + 4n?

2

n=
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Computation of n and p at room temperature in equilibrium: example

In a silicon sample with Ng =5 x 10 cm~3, find the equilibrium electron and hole
concentrations at T=300K (n; =10 cm~3 at 300K).

Solution: n+ N3 :p—l—N;' —n~p+ Ny
2
. . n;
Using np = n?, ie,, p= —, we get
n

n? Ng £ /N3 + 4n?

n:—i+Ndan27nNdfn,2:0Hn:
n

2
+ sign gives a physically meaningful result, viz.,
2 20
ns 10
na~Ny=5x10%cm=3, p= L =" —=2x10%cm~3.
d P T 5% 108
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Computation of n and p at room temperature in equilibrium: example

In a silicon sample with Ng =5 x 10 cm~3, find the equilibrium electron and hole
concentrations at T=300K (n; =10 cm~3 at 300K).

Solution: n+ N3 :p—l—N;' —n~p+ Ny
2
. . n;
Using np = n?, ie,, p= —, we get
n

n? Ng £ /N3 + 4n?

n:—i+Ndan27nNdfn,2:0Hn:
n

2
+ sign gives a physically meaningful result, viz.,
2 20
ns 10
na~Ny=5x10%cm=3, p= L =" —=2x10%cm~3.
d P T 5% 108

Since n > p, this is an n-type sample.
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Computation of n and p at room temperature in equilibrium: example

In a silicon sample with Ng =5 x 10 cm~3, find the equilibrium electron and hole
concentrations at T=300K (n; =10 cm~3 at 300K).

Solution: n+ N3 :p+N;—>nzp+Nd
2

Using np = nl?, e, p= -, we get
n

n? Nd:tq/N§+4ni2
n:—'+Ndan27nNdfn?:0Hn:f.

n
+ sign gives a physically meaningful result, viz.,

2 20
ns 10

na~Ny=5x10%cm=3, p= L =" —=2x10%cm~3.

d P T 5% 108
Since n > p, this is an n-type sample.

Calculation of Ef: n = Nee—(Ec—EF)/kT
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Since n > p, this is an n-type sample.
Calculation of Ep: n = Nce—(Ec—EF)/kT
Ne 2.8 x 10%°
— Ec — EF = kT log — = (0.0259eV)log ————— = 0.1636¢eV.
«— Er g = ( )log =~ 16
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(Solving the charge neutrality equation exactly gives n = 4.9 x 106 cm~—3,

E. — Er = 0.1641eV.)
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Variation of Eg with doping density (silicon, 300 K)
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Variation of Eg with doping density (silicon, 300 K)
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* n-type semiconductor: Ef gets closer to Ec as Ny is increased.
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Variation of Eg with doping density (silicon, 300 K)
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* n-type semiconductor: Ef gets closer to Ec as Ny is increased.

* p-type semiconductor: Er gets closer to E, as N, is increased.

* n~ Ng= Nee (Ec—EF)/KT _ E.— Er = kT log Ne kT (log Nc — log Ng).
— (Ec — EF) varies linearly with log Ny . !

* p~ N, = Nye (EF—EN/KT _ Er — E, = kT log % ~ kT (log Ny — log N.).

— (EF — E.) varies linearly with log N,.
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