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Session 6: MOSFET

1

MOSFET: 2Terminal
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Metal:                    Al, …, Poly Si (n++,p++),  ρpoly=0.1mΩ-cm

2
11.9, ( 3 ) 3.9

Si SiO
ε ε= × =∼

Oxide:                    SiO2 (reason why Si beat GaAs)

Semi Conductor:  Si

Heart of a MOSFET is MOS-cap

CMOS is the dominant technology in integrated circuits

p-type bulk � nMOS

n-type bulk � pMOS

(n/p)MOS   � CMOS

Gate

p-type  Si (bulk)

Al (metal)

SiO2 (oxide)� High k tox

~0.1µ

~5n
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Ef

metal Si, p-type
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Ef

metal Si, p-type

Ef

EC

EV

m
qϕ

s
qϕ

E0

qχ

SiO2

i
qχ

m s
ϕ ϕ=Special case

Gate

p-type  Si (bulk)

metal

SiO2 (oxide) tox

~0.1µ

A

A’
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p-type

Ef

EC

EV

Ei

4.9
s

q eVϕ =

EC

?Ef

9
G

E eV=

E0

EV

0.95eV

4.05q eVχ =

metal

Ef

4.1
M Al

q eVϕ − =

SiO2

8

Ef

metal
p-type

Ef

EC

EV

4.1
M Al

q eVϕ − =
4.9

s
q eVϕ =

E0
0.95eV

4.05q eVχ =

G m s
qV q qϕ ϕ= −

FB m s
V ϕ ϕ= −

0.8
FB

V V= −
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Ef

metal p-type

Ef

EC

EV

4.1
M Al

q eVϕ − = 4.9
s

q eVϕ =
E0

0.95eV

4.05q eVχ =

3.1eV3.15eV

No way electrons might pass the voltage barrier!

0.8
G FB

V V V= = −

10

Ef

metal p-type

Ef

EC

EV

4.1
M Al

q eVϕ − = 4.9
s

q eVϕ =

E0

0.95eV

4.05q eVχ =3.1eV

3.15eV

0
G

V =

?
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1n
D

2n
D

1ε

2ε

2 1n n surface
D D ρ− =

0
surface

ρ =

1 1 2 2n n
ε ε=E E

2

int int

ox Si
SiO Si

dE dE

dx dx
ε ε=

int int

3ox Si
dE dE

dx dx
≈

12

p-type

Ef

EC

EV

Ei

4.9
s

q eVϕ =

EC

?Ef

9
G

E eV=

E0

EV

0.95eV

4.05q eVχ =

n+ poly

Ef
EC

EV

4.05q eVχ =

0.85
FB m s

V Vϕ ϕ= − = −
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p-type

Ef

EC

EV

4.05eV 4.9
s

q eVϕ =

E0

0.95eV

4.05q eVχ =3.1eV

3.1eV

0
G

V =

n+ poly Si

Ef

EV

14

Ef

metal p-type

Ef

EC

EV

4.1
M Al

q eVϕ − = 4.9
s

q eVϕ =
E0

0.95eV

4.05q eVχ =

3.1eV3.15eV

0.8
G FB

V V V= = −

G FB
V V=
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Ef

metal p-type

Ef

EC

EV

4.1
M Al

q eVϕ − = 4.9
s

q eVϕ =

E0

0.95eV

4.05q eVχ =3.1eV

3.15eV

0
G

V =

16

Ef

Ef

EC

EV

G FB Oxide Si
V V V V− = +

G
qV

Ox
qV

s
qϕ

Ox s
V ϕ= +

G FB Ox s
V V V ϕ− = +

( ) ( )s i bulk i surface
q E Eϕ = −

As important as KVL
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Ef

Ef

EC

EV

G FB
V V=

E

x

x

ρ
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Ef

Ef

EC

EV

G FB
V V<

E

x

x

ρ

Q+

Q−
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Ef

Ef

EC

EV

G FB
V V=

E

x

x

ρ
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Ef Ef

EC

EV

T G FB
V V V> >
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x

x
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depl
Q+

A
qN−
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1
3 Ox
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Ef

Ef

EC

EV

G T
V V>

E

x

x

ρ

depl
Q+

A
qN−

Ox
E

maxW

inv
Q−

inv
Q+
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Ef Ef

EC

EV

T G FB
V V V> >

s
qϕ

2

2

A

Si Si

qNd d

dx dx

ρ ϕ
ε ε

−
= = = →

E

2 2

2

SiA
s d s

Si A

qN x
W

qN

ε
ϕ ϕ

ε
= → =

2

2

[ / ]

[ / ]

dep dep ox dep

ox ox

ox ox ox

Q Q C cm

F

t Q

C m
V

cε ε

− − −
= → = =E

2

dep A

A Si s

Q qN W

qN ε ϕ

= −

= −

G FB ox s
V V V ϕ= + + →

1
2

G FB s A Si s

ox

V V qN
C

ϕ ε ϕ= + + p-type Si (nMOS)

In Depl

1
2

G FB s A Si s

ox

V V qN
C

ϕ ε ϕ= + − n-type Si (pMOS)

In Depl
0

s
ϕ <

d
W
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Ef

Ef

EC

EV

G T
V V=

sqϕ

2s F
T G

V V
ϕ ϕ=

=

surface A
n N=

Definition of Threshold voltage:

2

1
2 2 (2 )

s F
T G FB F A Si F

ox

V V V qN
Cϕ ϕ

ϕ ε ϕ
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= = + +p-type
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  

=   
  

maxW

GqV

bulk A
p N=

max 2

2
(2 )

s F

Si
T F

A

W W
qNϕ ϕ

ε
ϕ

=
= =

1
2 2 2

T FB F A Si F

ox

V V qN
C

ϕ ε ϕ= + +n-type ln D
F

i

NkT

q n
ϕ
  

= −   
  

24

T
V

ox
t ↓

ln
A

N

FB
V

T
V

ln
D

N

FB
V

p-type

n-type
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Decrease VG (toward more negative values) 

-> move the gate energy-bands up, relative to the Si

decrease VG

decrease VG

� Inversion

� VG < VT

� Surface  

becomes p-

type

• Accumulation

– VG > VFB

– Electrons 

accumulate at 

surface

• Depletion

– VG < VFB

– Electrons 

repelled from 

surface

26

Ec

EFS

Ev

|qφS| is small, ≈ 0

Ec= EFM

Ev

M O S

3.1 eV

4.8 eV
p-type Si

+
_VG

VG < VFB

++ + + + +

- - - - - -
GATE

|qVG |

G FB oxV V V≅ +

| qVox 

|

Mobile carriers (holes) accumulate at Si surface
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( ) 0
acc ox G FB

Q C V V⇒ = − − >

27

ox G FBV V V≅ −

p-type Si

+
_

VG < VFB

++ + + + +

- - - - - -
GATE

Qacc (C/cm2)

From Gauss’ Law:

2

2

/ ε

/

where  ε /

ox acc SiO

ox ox ox acc ox

ox SiO ox

Q

V t Q C

C t

ε
ε

= −

= = −

≡

  

(units: F/cm2)

tox

28

Ec

EFS
Ev

Ec= EFM

Ev

3.1 eV

4.8 eVp-type Si

+
_VG

VT > VG > VFB

-
-

-
-

-
-

GATE

qVG

qVox

qφS

M O S

W

Si surface is depleted of mobile carriers (holes)

=> Surface charge is due to ionized dopants

(acceptors)

++ + + + +

W
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Ef Ef

EC

EV

T G FB
V V V> >

s
qϕ

2

2

A

Si

qNd d

dx dx

ϕ
ε

−
= = →

E
2

2

2

A
s

Si

Si
d s

A

qN x

W
qN

ϕ
ε

ε
ϕ

=

→ =

dep

ox

ox

Q
V

C

−
=

2dep A A Si sQ qN W qN ε ϕ= − = −

G FB ox s
V V V ϕ= + + →

1
2

G FB s A Si s

ox

V V qN
C

ϕ ε ϕ= + +

p-type Si (nMOS)

d
W

Solving for φS 2
2

2

2 ( )
1 1

2

A si ox G FB
S

ox A si

qN C V V

C qN

ε
ϕ

ε

 −
= + − 

  

30

2 (2 )
2 si F

S F T

A

W W
qN

ε ϕ
ϕ ϕ≅ → ≅ =

p-type Si

+
_VG

GATE

Significant density of mobile electrons at surface

(surface is n-type)

As VG is increased above VT, the negative charge in the Si is increased by adding mobile 

electrons (rather than by depleting the Si more deeply), so the depletion width remains 

~constant at W= WT

-
-

-
-

-
-

++ + + + +

W

++ + + + +

-- -

-- ---
( )

     2

2 (2 )
     2

     

G FB S ox

dep inv

FB F

ox

A s F inv
FB F

ox ox

inv
T

ox

V V V

Q Q
V

C

qN Q
V

C C

Q
V

C

ϕ

ϕ

ε ϕ
ϕ

= + +

+
= + −

= + + −

= −

     ( )inv ox G TQ C V V∴ = − −



12/1/2011

16

accumulation

accumulation
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2
2

2

2 ( )
1 1      (for )

2

A si ox G FB
s FB G T

ox A si

qN C V V
V V V

C qN

ε
ϕ

ε

 −
= + − < < 

  

VFB VT

VG

2φφφφF

φφφφS:

22 2 ( )
1 1     (for  )Si S Si ox G FB

FB G T

A ox A si

C V V
W V V V

qN C qN

ε ϕ ε
ε

 −
= = + − < < 

  

depletion inversion
0

VG
depletion inversion

0

2 (2 )Si F
T

A

W
qN

ε ϕ
=

W:

VFB VT

32

s acc dep invQ Q Q Q= + +

VG

accumulation depletion inversion

0
VFB VT

dep AQ qN W= −

VG

accumulation depletion inversion

0
VFB VT

( )inv ox G TQ C V V= − −

VG
accumulation

depletion inversion
0

VFB VT

( )acc ox G FBQ C V V= − −

VG

accumulation depletion inversion

0 VFB VT

Qinv

slope = -Cox
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VG

accumulation depletion inversion

VFB VT

Qinv

slope = -Cox

VG

accumulation depletion inversion

VFB VT

C

Cox

Ideal C-V curve:

GATE s

G G

dQ dQ
C

dV dV
= =

34

acc
ox

G

dQ
C C

dV
= =

• As the gate voltage is varied, incremental charge is 

added/subtracted to/from the gate and substrate.

• The incremental charges are separated by the gate oxide.

M     O     S
∆Q

Q

−∆Q

-Q

S

D
L

2

2

( )D A

d

dx

q
N N p n

ϕ ρ
ε

ε

= − =

− + −

For n-type bulk:

2

2
( )

D

d q
N n

dx

ϕ
ε

= −
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2

2

( )
( ) ( ) (1 )n

D D i D

q kT q kTd q q q
N n N n e N e

dx

ϕ ϕ ϕϕ
ε ε ε

−= − = − = −

Taylor series:

2

2 2 2D D

D D

d q q kT
N L

dx kT L q N

ϕ ϕ ϕ ε
ε

 
= = =  

 

++ + + + +

- - - - - -
GATE 1ox D ox D

FB

ox D FB ox Si

C C t L
C

C C C ε ε
= → = +

+

VG

VFB

Cox

CFB

- - - - - -
GATE

Cox

CFB

-

-

- -

-
W

Cox

Cdepl

LD

1 1 depl

ox Si

W

C C ε
= +

36

CASE 1: Inversion-layer charge can be supplied/removed quickly enough to 

respond to changes in the gate voltage.

→ Incremental charge is effectively added/subtracted at the 

surface of the substrate.

M     O     S

∆Q

−∆Q

WT

inv
ox

G

dQ
C C

dV
= =

Time required to build inversion-layer
charge = 2NAτo/ni , where 
τo = minority-carrier lifetime at surface

Cox
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CASE 2: Inversion-layer charge cannot be supplied/removed quickly enough to 

respond to changes in the gate voltage.

→ Incremental charge is effectively added/subtracted at a 

depth WT in the substrate.

M     O     S

∆Q

−∆Q

WT

min

1 1 1

1
    

2(2 )1 1
    

ox dep

T

ox Si

F

ox A Si

C C C

W

C

C qN C

ε

ϕ
ε

= +

= +

= + ≡

Cox Cdep

38

C
ox

gate

p-type Si

-

WT

AC

DC

C
ox

gate

p-type Si

C
ox

gate

p-type Si

Cdep W

Cox

gate

p-type Si

WT

N+

DC and AC

Accumulation: Depletion:

Inversion:

Cdep,min

++ + + + +

-- - - - - -- - - - -

Case 1 Case 2
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p-type Si:

VG
accumulation depletion inversion

VFB VT

C
MOS transistor at any f,

MOS capacitor at low f, or

quasi-static C-V

MOS capacitor at high f
Cmin

Cmax=Cox

CFB

40

If VG is scanned quickly, Qinv cannot respond to the change in VG.  The 

increase in substrate charge density Qs must then come from an 

increase in depletion charge density Qdep

⇒ depletion depth W increases as VG increases

⇒ C decreases as VG increases

VG

VFB
VT

C

Cox

Cmin
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p-type  Si (bulk)

metal
SiO2

tox

In real MOS devices, there is always some charge in the oxide and at the Si/oxide interface. 

In the oxide:

1. Trapped charge Qot

High-energy electrons and/or holes 
injected into oxide

2. Mobile charge QM

Alkali-metal ions, which have 
sufficient mobility to drift in oxide 
under an applied electric field

At the interface:

1. Fixed charge QF

Excess Si (+)

2. Trapped charge QIT

Dangling bonds

K+

Na++ ++
- -

-

+ ++. e- . e- . e- . e-

42

M        O          S

Q

-Q

In general, charges in the oxide cause a shift in the 

gate voltage required to reach the threshold condition:

(x defined to be 0 at metal-oxide interface)

In addition, they may alter the field-effect mobility of 

mobile carriers (in a MOSFET) due to Coulombic

scattering

2 0

1
( )

ox

T ox

SiO

V x x dxρ
ε

∆ = − ∫

( )ox xρ
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F
FB MS

ox

Q
V

C
ϕ= −

Ec

EFS

Ev

Ec= EFM

Ev

M O S

3.1 eV

4.8 eV

|qVFB |

qQF  / Cox

44

From a single C-V measurement, we can extract much

information about the MOS device.

� Suppose we know that the gate-electrode material is heavily doped n-type 

poly-Si (ΦM=4.05eV), and that the gate dielectric is SiO2 (εr=3.9):

� From Cmax = Cox we determine the oxide thickness xo

� From Cmin and Cox we determine substrate doping (by iteration)

� From substrate doping and Cox we calculate the flat-band capacitance CFB

� From the C-V curve, we can find 

� From ΦM, ΦS, Cox, and VFB we can determine Qf
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2

o
FB MS F

SiO

x
V Qϕ

ε
= −

0

–0.15V

–0.3V

xo

V
FB

10nm 20nm 30nm

×

×
×

Measure C-V characteristics of capacitors with different oxide thicknesses.  Plot VFB

as a function of xo:

oxide

p-bulk substrate

gate
gate

gate

Odd shifts in C-V characteristics were once a mystery:

Source of problem: Mobile charge moving to/away from interface, changing 

charge centroid

46

M
FB

ox

Q
V

C
∆ = −
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Traps cause “sloppy” C-V and also greatly 

degrade mobility in channel

( )IT S
G

ox

Q
V

C

ϕ
∆ = −

48

A heavily doped film of polycrystalline silicon (poly-Si) is typically 
employed as the gate-electrode material in modern MOS devices.

� There are practical limits to the electrically active dopant
concentration (usually less than 1x1020 cm-3)

⇒ The gate must be considered as a semiconductor, rather than a 
metal

P-type Si

N+ poly-Si

n-type Si

P+ poly-Si

NMOS PMOS
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( )
inv ox G poly T

Q C V V V= − −

How can gate depletion 

be minimized?

VG is effectively reduced:

Ec

EFS
Ev

Ev

qVG

qφS

WT

P-type SiN+ poly-Si gate

Ec

qVpoly

Wpoly

Si biased to inversion:

2 Si poly

poly

poly

V
W

qN

ε
=

+

50

N+ poly-Si

Gauss’s Law dictates 

polyoxoxpoly qNW /EEEEε=

2

2

11

1 1

   
( / 3)

polyo

ox poly SiO Si

SiO

o poly

Wx
C

C C

x W

ε ε

ε

−−
  

= + = +     
   

=
+

xo is effectively increased: 

2( )
( / 3)

SiO

inv G T

o poly

Q V V
x W

ε
= − ⋅

+

p-type Si

-
-

-
-

-
-

+ + + + + +

N+

+

-- -

Cpoly

Cox
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The average inversion-layer location below the Si/SiO2 interface is called the 

inversion-layer thickness, Tinv .

-50 -40 -30 -20 -10 0 10 20 30 40 50

SiSiO2poly-Si gate

A

52

3 3

poly inv
oxe o

W T
T x= + + at VG=Vdd

(VG + VT)/Toxe can be shown to be the average electric field in the inversion 

layer. Tinv of holes is larger than that of electrons because of the difference 

in effective masses.
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C
Basic LF C-V

with gate-depletion

with gate-depletion and 
charge-layer thickness

V
G

data

C
ox

/ 3 / 3ox o poly invT x W T= + +

( ) ( )ox
inv G T oxe G T

oxe

Q V V C V V
T

ε
= − = −

54

� In modern IC fabrication processes, the threshold 

voltages of MOS transistors are adjusted by ion 

implantation:

� A relatively small dose NI (units: ions/cm2) of dopant atoms is 

implanted into the near-surface region of the semiconductor

� When the MOS device is biased in depletion or inversion, the 

implanted dopants add to the dopant-ion charge near the oxide-

semiconductor interface.

I
T

ox

qN
V

C
∆ = − 0  for donor  atoms

0  for acceptor  atoms

I

I

N

N

>

<


