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Density of state (DOS) function
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Figure 3.27 | The density of energy
states in the conduction band and the
density of energy states in the valence
band as a function of energy.
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Fermi-Dirac distribution function

.'Ill i .Ir I

Figure 3.33 | The Fermi probability function versus energy Figure 3.34 | The probability of a state being occupied,

for different temperatures. fr(E), and the probability of a state being empty, 1 — fx(E).
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Boltzmann approximation

1
fr(E) = — (3.79)
! 1+ exp (E kTEF )
when E — Ep >> kT exp((E — Er)/kT) >> 1
1 E—-FE
fo(F) x ——— ~ exp[ ( F)] (3.80
exp (S )
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Thermal Equilibrium Distribution of Electrons and Holes
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Thermal Equilibrium Distribution of Electrons and Holes
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Thermal Equilibrium Distribution of Electrons and Holes
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Thermal Equilibrium Distribution of Electrons and Holes
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Thermal Equilibrium Distribution of Electrons and Holes
ET n(E) = g.(E)fr(E) (4.1)
|

. E
] gE)(E) = n(E) s fE)
\ g/E) ¥

: /
E Area = n, =

\ electron
% concentration E.
\ ¢ “
\\ fr(E) 0 ’
. .'x (b)
[ o _ _
N p(E) = g,(E)[1 — fr (E)] (4.2)
\
\ gUEX1 = f(E)) = p(E)
i X —[1 = fr(E)]
&,(E) \
Area = p
hole ‘x'\‘Hi'i’HlLl(il?ll
i
fr(E)=10 [r(E) 1 :
(a) (c)

Figure 4.1 | (a) Density of states functions, Fermi—Dirac probability function, and areas representing electron and hole
concentrations for the case when Ey is near the midgap energy: (b) expanded view near the conduction-band energy:;
and (c) expanded view near the valence-band energy.
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The ny and p, Equations

Thermal equilibrium concentration of electrons

ny = j 9 (E)f(E)dE (4.3)
E

c

4r(2m,*)3/? _ 1 _ —(E — EF)
g.(E) = 3 E—E, fr(E) = ) E—E) "~ exp T
+ exp kT

Boltzmann approximation, (E.— Ep) >> kT

. ® 4 (2m,,*)3/? —(E—E
no =jE gc(E)fF(E)dE:J il T:?, ) \/E—EceXp[ ( T F)] dE

C EC
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The ny and p, Equations

Thermal equilibrium concentration of electrons

ny = j 9 (E)f(E)dE (4.3)
E

At(2m.,*)3/2 1
gc(E) = (2 ) E—-E, fr(E) = — ~ exp
h3 (E — Ef)
1 +eXpT

[—(E — EF)]

Boltzmann approximation, (E.— Ep) >> kT

* 4w (2m,,*)3/?

- — F
no =jE 9c(E) fr(E)dE :JE 3 VE —Ecex p[ = F)]

c

_(E_EF) _(E_Ec +Ec _EF) _(E_Ec) _(Ec _EF)
B e o) en[ L] [t

o0 *\3/2 —
o= [THCT" exp[ (E - Ea] [(E EF>]

c
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The ny and p, Equations

Thermal equilibrium concentration of electrons

ny = f 9 (E)f(E)dE (4.3)
E

At(2m.,*)3/2 1
gc(E) = (2 ) E—-E, fr(E) = — ~ exp
h3 (E — Ef)
1 +eXpT

[—(E — EF)]

Boltzmann approximation, (E.— Ep) >> kT

* 4w (2m,,*)3/?

- — F
no =jE 9c(E) fr(E)dE :JE 3 VE —Ecex p[ = F)]

c

@ exp [_(E - EF)] = exp [_(E - Ec + Ec - EF) = exp [_(E - Ec) exp [_(Ec - EF)
kT kT

kT kT
© 4m(2my,*)3/? (E Ec) (E - EF)
no= | T (B - B exy
E. .
JL n=—g= di=z = )2

Ar(2m *kT 3/2 E. —Ep)
ng = (2mn_kT) [ ( F” nZexp(—m)dn
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The ny and p, Equations

Thermal equilibrium concentration of electrons

n0=4n(2mn*kT)3/ze [ (E, —EF)] f nZeXp( n)en

h3
@ f nzexr)( U)dU_E\/_

2(2mm,,*kT)3/? —(E. — Ep)
Ng = PE exp

2(2mm,,*kT)3/?
@ NC = h3

_(Ec _ EF)
kT

ng = N, exp

N, : effective density of states function in the conduction band
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The ny and p, Equations

Thermal equilibrium concentration of holes

Ey
Do = j 9o (E)[1 — fr(EYdE (4.3)

4t (2m,*)3/?
gv(E) =——3

JE, —E

po=| i:gv(m[l - feEE = |

~(Br = )| _

1
1—fr(E) =
1+ exp—(EFkT

Boltzmann approximation, (Ep — E,) >> kT

Ev 4mr(2m,,*)3/?

— 00

—(Er — E)
73 JVE, — Eexp [ T dE

o

exp ©T

—(Er—E, +E
k

v_E) — ex (EF_ v) (E _E)
T

[ (Er — v)] [ (Ey —E)]

1 i)
O

By 4 (2m,*)3/?
po= | TR (B, — B ex
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4t (2my,*kT)3/? —(Ep —
pO = h3 eXp k

E ) * ,1 ) )
- “ n'2exp(—n")dn
0
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The ny and p, Equations

Thermal equilibrium concentration of holes

4t(2m,*kT)3/? —(Er—E)| [® 2 N an?
Po = L exp - f n'2exp(—n’)dn
h kT 0

* 1 4 4 1
@ f n'2exp(—n)dn’ = ZVm
0

_ 2(2mmy,*kT)3/? —(Er — E})
Po = h3 SPITr

2(2mm,*kT)3/?
@ NU = h3

— N. ex _(EF _Ev)

N,, : effective density of states function in the valence band
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The ny and p, Equations
E _(E _ EF)
T ng = N, exp [ CkT ]

2(2mm,,*kT)3/?

BAEMR(E) = n(E) NC

Area = n, N, : effective density of states function
\, i in the conduction band

concentration

E. X po = N, exp

&,(E) ‘\

N\ | s®0 - fE) = pE) —(Er — E,)

2(2mmy,*kT)3/?

Area = p
N, 3

hole concentration

N, : effective density of states function
fe(E) =0 fr(E) = 1 in the valence band

Semiconductor Devices, Prof. SEYONG OH Neaman, Semiconductor Physics and Devices 16



The ny and p, Equations

Table 4.1 | Effective density of states function and density of states effective mass values

N. (em ¥) N, (cm?) mz[m, m: [n,
Silicon 2.8 X 10" 1.04 X< 10" 1.08 0.56
Gallium arsenide 4.7 X 10V 7.0 X 10'8 0.067 0.48
Germanium 1.04 X 10" 6.0 X 108 0.55 0.37

m = Electron mass in free space = 9.109x10731 kg
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The Intrinsic Carrier Concentration

nePo = nyp; = n;> = N exp

[<E—&> “dﬁa—vq
v kT

—NNexp[(c v)] NNexp[kT]

Table 4.2 | Commonly accepted values of

matT = 300K
Silicon n=1.5 %X 10" ¢m3
Gallium arsenide n= 1.8 X 10°cm™

Germanium n=24x%X10%cm>3

The intrinsic carrier concentration (n;) of Si at room temperature
are between 1x10'% and 1.5x107% cm-3,
n; =1.08x101° cm-3 (Green, 1990)
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The Intrinsic Carrier Concentration
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The Intrinsic Fermi Level Position

(E — EF) (EF — 5| _
ET Ng = N exp
" @ 3/2
\ 8.(E) 8LEM(E) = n(E) exp [—(EC + Ev — ZEF) _ Nv _ (mp*>
E \ Area = ny = kT mn*
¢ \ electron .
N 2(2mm,,*kT)3/? 2(2mm,,"kT)3/2
EF_____;§¢<____ NC - h3 N‘U = h3
.\
‘\‘ SUEX1 — fH(E)) = p(E) @
K, \‘\ (Ec+Ey,—2Ep) 3 (mp*>
0 — -
, kT 2 \m,
hol[:rcec?njeﬁtor;ion @
E.+E, 3 my”
fr(E)=0 frE)=1 EFi - 2 — EFi - Emidgap 4kT In mn
@
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Dopant atoms and Energy levels

"= 8i = Si
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Figure 4.3 | Two-dimensional
representation of the intrinsic silicon lattice.
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Dopant atoms and Energy levels

=E Sie= 8= = 8l= 8= 5 e
[ | | || || |
EEE NI = RI= S e S N — N7 ===
|| || || / || ||
= 8 — — 5 — 81 EZ=
| || || || |
:::Si:&:Si:Si:Sl:Si =
11 11 11 11 11 11
11 11 11 11 11 11
11 11 11 11 11 11
Donor impurity atom has more electrons and
turns to fixed positive charge after activated.
Figure 4.4 P, As (Group 15 elements) = Donor = N type dopant
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Dopant atoms and Energy levels

=B bi= i =8i= 8= 8=
el

=l N = N = N1 = S :@: 81 ===
[ [ I | = TR

S ZASiZ'Si — g = 8 §E
[ Il

= iieti=l=8i=t=8z=

Donor impurity atom has more electrons and
turns to fixed positive charge after activated.

P, As (Group 15 elements) = Donor = N type dopant
Figure 4.4

Concentration of donor atoms = N
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Dopant atoms and Energy levels

lonization energy (or activation energy)

Conduction band = = —
7~ I R R
— e p— p— — —— S ]y f— o f—
z ¢ =+ +
° :

3 E 5 E
é Valence band " ,L% v
(a) (b)

Figure 4.5
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Dopant atoms and Energy levels

===l =ti=8r =Y =l = =8 =8= 8=
| | O | N | | | | |
=5 g =il = 8l = piga = si === =i == sl = s @)= si ===
| | | | | | | | | |
s Si=— Si=— Si=— Si=—Si = Si === === 8i = Si = Si =/'Si = Si = Si ===
] I | | | | | [— |I_$_|l Il
=i i tie=rs sSf=fi=s =S i=mti= s
(a) (b)
Figure 4.6 Acceptor impurity atom has less electrons and

turns to fixed negative charge after activated.

B, Al (Group 13 elements) = Acceptor = P type dopant

Concentration of donor atoms = N,
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Dopant atoms and Energy levels

lonization energy (or activation energy)

Conduction band

E, E.
28 28
5 5
= =
) ) e N

IS IS IS DI S e E——
Q Q2
) 1% O [ [ 4 f § v
= Valence band = EE T
(a) (b)
Figure 4.7
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lonization Energy
Conduction band

R

+ !
+ !

Electron energy =9

Table 4.3 | Impurity ionization energies in silicon 5§ ~- -~~~ TTTTTTTITEEE TS Ep,
and gel manium
S ]‘Icnuatmn energv (eV) .
Donors
Phosphorus 0.045 0.012
Arsenic 0.05 0.0127 2
Conduction band
Acceptors E
Boron 0.045 0.0104
Aluminum 0.06 0.0102
;P;‘; -------------------- I
kT = 0.026 eV (T = 300 K) 5
A Tl i i el ol ol <
EY Y Y Y YN
=2 4+ + + + + o+ o+

Valence band

Assume complete (=100%) ionization
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Extrinsic semiconductor
N type P type
1

\ 8LE)
b
E E \
c L}
‘ Area = ny = '\
electron X Ao, = din =
E; concentration ‘\ F:E) electrorol
. E F < E Fi concentration
N .
Eg; Fi T
N\, ‘
EF S S _\‘._ ______
\Q
~
E \‘
E, i i
7\ \‘
.
Area = p, = 8.(E) \
hole concentration '\
¥ Area = py =
‘\ hole concentration
HEY=0 fllh=1 f(E)=0 frE) =

Figure 4.8 & Figure 4.9
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Extrinsic semiconductor

Majority & Minority carrier concentration

N type P type
N; >0, N,=0 N; =0, N,>0
Majority carrier: electron Majority carrier: hole
Minority carrier: hole Minority carrier: electron
ng = Ng =~ (n; + Ng) Po = Ng = (n; + Ng)
Do =7 nog =7

n; = 1.5 X 101%[cm™3]
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Extrinsic semiconductor
N type

_ _(Ec B EF)
ng = N, exp T

o

—(E; — Ep; + Ep; — Ef)
kT

3

ng = N, exp
o Area = ny =
I \, electron @
. concentration
B [_(Ec — EFi)] [_(EFL' — Efr)
ng = N, exp T exp

kT
\\ @

E, ¥ Er — EF;
. o = mexp || = Mo

gE) Area = p, =
hole concentration

fr(E) =0 By =1

Figure 4.8 & Figure 4.9
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Extrinsic semiconductor

P type
E _(EF B Ev)
Po = Ny exp k
| 2.(E) B —(Eg — Ep; + Eg; — E)
. ;\ po = N, exp —
= A
\‘. Area =ng = @
\ f+(E) electron.
'\ EF < EFi concentration [_(EFL' _ Ev)] [_(EF _ EFL')]
N . po = N, exp exp
m— 1 kT
(D @
E, \‘. _E
\ _ F
8(E)
\_‘ ) lArea =Po=
\ ole concentration
fr(E) =0 JE) =1

Figure 4.8 & Figure 4.9
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Extrinsic semiconductor

_(Ec - EF)]

ng = N.exp [ T

o

—(E; — Ep; + Ep; — ER)

ng = N, exp

kT
s
no = N, exp —(E; — EFi)] exp [_(EFL' - EF)]
¢ T kT
s

[ EFl
ng = n; exp

nopo—NN eXp[ (

— N. ex _(EF - Ev)
~ N ex —(Er — Ep; + Ep; — Ey)
_ N ex —(Ep; — Ey) o —(Er — EFy)
_ EFl EF
Po=MN;eXpP |——F—

E _EF)] [ (Er — v)]

E
NN, exp[ kTg] =n?

NoPo = N7 Mass-action law in thermal equilibrium
:np product is always constant at thermal equilibirim state
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Extrinsic semiconductor

— a2 . . ey
NoPo = N Mass-action law in thermal equilibrium
N type P type
E T E

a T

' 2 2

\ ~ N L

.' Ng = Ng Ng =—= N

\ Po a

5 8(E) A 8(E)
\‘ ‘I
E, R N E. =
%" Area = n, = r
\’. e]ectrog \‘ Area = ng =
| I, >r ______ concentration s lect
" fF(E).\. \"fF(E) cofczcr:ltrr(;lion
Ep; ---------------\:‘---- Epg; "--\".-\- -------------
2 2 1
\\\ P L B mmm = g oo
O - T = 7 ’~
) ng Ng ) \. Po =~ N,
E v »
V : X
g(E) \ Area = p, = 8(E) \
hole concentration i
\‘ Area = py =
‘\ hole concentration
fF(E) =0 fF(E) =1 frE) =0
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Extrinsic semiconductor

Majority & Minority carrier concentration

N type P type
N, = 1016, N,=0 N; =0, N, = 1016
Majority carrier: electron Majority carrier: hole
Minority carrier: hole Minority carrier: electron
no ~ Ng =~ (n; + No) Po = No ~ (n; + Ng)

n; = 1.5 X 101%[cm™3]
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Charge Neutrality

po—no‘l‘Nd—Na:O

po = positive mobile charges NoPo = niZ

mass — action law

ng = negative mobile charges
N, = positive fixed charges

N, = negative fixed charges

Semiconductor Devices, Prof. SEYONG OH

Neaman, Semiconductor Physics and Devices 35



Charge Neutrality

Intrinsic
electrons
e ey
+ + 4+ 4+ 4+ + + + + /
) \ ) .
) & Y
lonized donors Un-1onized donors

e v ) o ———————— ———— —————— ———— ———— — [‘f
s

A few donor electrons
annihilate some

intrinsic holes

L _
G ®® + > ininsic holes ‘

[._
H—J
n?

Figure 4.15 | Energy-band diagram showing the
redistribution of electrons when donors are added.

Semiconductor Devices, Prof. SEYONG OH Neaman, Semiconductor Physics and Devices 36



Degenerated semiconductor

Conduction band Conduction band
————————————— /"" /
\ :
e ! > Empty states
P_b - ?_1) -
E5) Filled o (holes)
o =
O states L
- - :
o (electrons) S [ !
:;')) : / 3 — — — — —' ———————— ”
= falence b — falence b
= Valence band 0 Valence band
(a) (b)

Figure 4.11 | Simplified energy-band diagrams for degenerately doped (a) n-type and
(b) p-type semiconductors.

o 1 —E-E)] o 1 —~(Er — E)
fF( )_1 (E—EF)NeXp kT _fF( )_ (EF_E)NeXp kT
+ eka—T 1+ expk—T
Boltzmann approximation, (E.— Ep) >> kT Boltzmann approximation, (Ep — E,)) >> kT
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Degenerated semiconductor

)Y
%e“‘e Ec
o* 3kt ]
S A z | P
] 2 10° i
s |------- : | /
) S
= Ef - |
?) 2 | 2
=1y =
o = b
ﬁ f: 102 /
g ::: W Sn \
........................... zY. “ BN J .
£ ¢3n /
— é’e Eyv | \‘/
G[‘! SN Q) 10(X) (X 2
v ‘9{6 [ (
v Non-degenerate semiconductor: Ey is at least 3kT v Density of Si atoms: ~5x1022
below E. and at least 3kT above E,,. v Solid solubility in Silicon: ~102° is maximum.

N; &N, < 102°

N; & N, = 101°~102°
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Compensated semiconductor

Total electron

concentration
Thermal ( Donor
electrons i, electrons

_HH‘

+  +
/ / + + i
\ I 8
Y

, : Ng; > N, n-type
Un-ionized N (N,— n,
donors lonized donon
_____________ e ______-________L“
Un-ionized N (N, = p,) Na > Nd p_type
acceptors lonized aueplorx
A A

* —* N, = N, Intrinsic
T T T l'.
+ + + T L
e v :
Thermal i Acceptor
holes ( holes
l'otal hole

concentration
Figure 4.14 | Energy-band diagram of a compensated

semiconductor showing ionized and un-ionized donors
and acceptors.
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Compensated semiconductor

Source (S) Gate (G)  Drain (D)

| nt nt l
-— [}

p ( _‘
l S
Substrate o1
|Wl)\lj\’ (B)

Figure 10.34 | Cross section and circuit symbol for an
n-channel enhancement mode MOSFET.
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General theory of ny and p,

1 1
ny = ; AL [(Nd ;N“)Z + n?r po = @ ; Na | [(N“ ; Nd>2 + Tlizr
N type P type
N, = 1016, N, = 1013 N, = 1013, N, = 10%¢
N; — N, > n; N, — N; >» n;
Majority carrier: electron Majority carrier: hole
Minority carrier: hole Minority carrier: electron
ng = Ng — Ng = Ny Po = Ng —Ng = Ng
ni n
Po = N_d ng = N_a
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Carrier concentrations according to Temperature(T)

10'6 _
o Intrinsic £
Fully ionized
lOI‘f B Extrinsic
T /
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Position of Fermi Energy Level

N type P type
—(E; — Ef)
kT

ng = N, exp[

Er — EF; Er; — Ep
=My €Xp | = —

Electron ene
Electron ener

I

—

I

I

I

I

I

I

I

I

I

I

I

(a) (b)

Figure 4.17 | Position of Fermi level for an (a) n-type (N; > N,) and (b) p-type (Ns S N,)
semiconductor.
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Position of Fermi Energy Level

N type
—(E; — Ef)
kT

ng = N, exp[

B Ep — Ep;
= n; exp kT
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Variation of E. with Doping Concentration and Temperature
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Figure 4.18 | Position of Fermi level as a function of donor po ~ N,
concentration (n type) and acceptor concentration (p type).
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Variation of E with Doping Concentration and Temperature
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Fermi level at equilibrium state

E
E
E Allowed
- energy
states E. Allowed
F energy
states
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== \ :'_____ [_‘”: /"I —:';-—"'-—--—'ﬁ_' /1,.'

Figure 4.20 | The Fermi energy of (a) material A in thermal equilibrium, (b) material B
in thermal equilibrium, (c) materials A and B at the instant they are placed in contact, and
(d) materials A and B in contact at thermal equilibrium.

An important point is that, in thermal equilibrium, the Fermi energy level is
a constant throughout a system.
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