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typical characteristics

Intel Technical J., Vol. 6, May 16, 2002.

NMOSPMOS

130 nm technology (LG = 60 nm)
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MOSFET IV:  low VDS

VG VD0

ID =W Qi x( )υ x (x) =W Qi 0( )υ x (0)

ID = W Cox VGS −VT( )μeff Ex

Ex =
VDS

L

Qi x( )= −Cox VGS −VT −V (x)( )

ID

VDS

VGS

ID =
W
L
μeff Cox VGS −VT( )VDS
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MOSFET IV:  high VDS

VG VD0

ID =W Qi x( )υ x (x) =W Qi 0( )υ x (0)

ID = W Cox VGS −VT( )μeff Ex

V x( )= VGS −VT( )

VGS

ID

VDS

ID =
W
L
μeff Cox VGS −VT( )2

2Ex ≈
VGS −VT

L

Qi x( )= −Cox VGS −VT −V (x)( )
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velocity saturation

electric field V/cm --->

ve
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ci
ty

 c
m

/s
 --

->

107

104

  υ = μE

υ =υ sat

VDS

L
=

1.5V
60 nm

≈ 25 ×104 V/cm
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MOSFET IV:  velocity saturation

VG VD0

ID =W Qi x( )υ x (x) =W Qi 0( )υ x (0)

ID =W Cox VGS −VT( )υ sat

ID = W Coxυsat VGS −VT( )

Ex >> 104
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MOSFET IV:  velocity overshoot

Frank, Laux, and Fischetti, IEDM Tech. Dig., p. 553, 1992
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The MOSFET as a BJT

S DG

ID

VDS

VGS

VD= VDD

electron energy
vs. position

VD≈ 0V

E.O. Johnson, RCA Review, 34, 80, 1973
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I-V formulation

VG VD0 ID = W Qi y( )υy (y)

x
y

ID = −W Qi y( )μeff
dV
dy

dV
dy

→
dFn

dy

to include diffusion:

IDdy = −W Qi V( )μeff dV

ID = −
W
L
μeff Qi V( )

0

VDS

∫ dV

ID
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gradual channel approximation

VG VD0 for 0 ≤ y ≤ L

x
y

V = V (y)

V (0) = 0
V (L) = VD

Qi = Qi (y)

MOS − C : Qi = −CG VG −VT( )
GCA : Ey << Ex

Qi (y) = −CG VG −VT −V (y)[ ]
(subthreshold current will 
require a separate treatment)

VG −VT > 0
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IV relation

VG VD0

x
y

ID = −
W
L
μeff Qi V( )

0

VDS

∫ dV

ID = +μeff CG
W
L

VG −VT −V[ ]
0

VD

∫ dV

ID = +μeff CG
W
L

VGS −VT( )VDS −
VDS

2

2
⎡

⎣
⎢

⎤

⎦
⎥
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pinch-off

VG VD0

x
y

Qi (L) = −CG VG −VT −VD[ ]

when VD = VG −VT ,
then Qi (L) = 0

Ey >> EX GCA fails!

ID = +μeff CG
W
L

VGS −VT( )VDS −
VDS

2

2
⎡

⎣
⎢

⎤

⎦
⎥

VGS > VT

VDS < VGS −VT
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beyond pinch-off

VG VD0

x
y

for VDS > VGS −VT

V x( )= VGS −VT( )

channel is pinched-off near the drain 
but current still flows.

ID ≈ ID VDS = VGS −VT( )

ID = +μeff CG
W
2 ′L

VGS −VT( )2

VGS > VT

VDS > VGS −VT

′L ≈ L
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the electric field

small VDS

ID = μeff CG
W
L

VGS −VT( )VDS

ID = WCG VGS −VT( )μeff Ey (0)

Ey (0) =
VDS

L

large VDS

ID = μeff CG
W
2L

VGS −VT( )2

ID = WCG VGS −VT( )μeff Ey (0)

Ey (0) =
VGS −VT( )

2L
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but…

VG VD0

x
y

Qi (y) = −CG VG −VT −V (y)[ ]

local threshold voltage, ′VT , depends on y.

Qi (y) = −CG VG − ′VT (y) −V (y)[ ]
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energy band diagram along the channel
VG0 0

x
y

qVbi

EF

EC (y)

VG > VFB ,ψ S > 0VG = VT ,ψ S = 2ψ B

ΔE = q Vbi − 2ψ B( )= kBT ln(ND NA ) ≈ 0.1 eV



Lundstrom EE-612 F06 20

effect of a reverse bias

VGVR > 0

x
y

VR > 0
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effect of a reverse bias

qVbi +VR

Fn = EF − qVR

EC (y)

VG = VFB ,ψ S = 0

Fp = EF

VR

VG = VT ,ψ S = 2ψ B +VR
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effect of a reverse bias

VGVR > 0

x
y

VR > 0

now look at EC vs. x
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effect of a reverse bias

EC (x)

EV (x)

Fp

qVR

qψ S = q 2ψ B +VR( )

Fn
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effect of a reverse bias

no reverse bias:

VT = VFB + 2ψ B + 2qεSi NA (2ψ B ) COX

with reverse bias (VG at onset of inversion):

VG = VFB + 2ψ B +VR + 2qεSi NA (2ψ B +VR ) COX

VT of the MOSFET is defined as VGS at the onset of inversion

VT = VG −VR = VFB + 2ψ B + 2qεSi NA (2ψ B +VR ) COX
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back to the MOSFET

VGVS = 0 VD > 0

Fn = Fp = EF
Fn = Fp − qVD

Fn increasingly negative from source to drain
(reverse bias increases from source to drain)
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