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Syllabus

 MOS Transistor Theory

 Advanced Features of MOS Transistors
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Syllabus

 MOS Transistor Theory

 MOS systems

 The operation of MOS transistors

 The I-V characteristics of MOS transistors

 Scaling theory

 Advanced Features of MOS Transistors
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Energy-Band Diagram
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Flat-Band Voltage
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MOS System
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Depletion Width
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Maximum Depletion-Layer Thickness

 Maximum Depletion-Layer Thickness

 ffp is the Fermi potential

 Na is the impurity concentration of p-type substrate

a

fpsi
d

eN
x

4
(max) 
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Maximum Depletion-Layer Thickness

 Find xd(max)

 T = 300 K

 Na = 2 × 1016 cm-3

 ni = 1.45 × 1010 cm-3

| fp |Vt ln
Na

ni







 0.0259 ln

2 1016

1.45 1010







 0.37 V

xd (max) 
4Si | fp |

eNa








1 2


4 11.7  8.854 1014  0.37

1.6 1019  2 1016








1 2

 0.22 m
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Threshold Voltage

 Strong inversion condition (2|ffp| + Qd(max) / Cox)

 Work function difference (fGS)

 Fixed-oxide charge (QSS)

 Threshold voltage adjustment (eDI / Cox )

fpasidad NexeNQ 4(max)(max) 

ox

I

ox

SS
GS

ox

d
fpTn

C

eD

C

Q

C

Q
V  

(max)
2
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An Example

 An n+ polysilicon gate MOS system
 fGS = -0.88 V

 Na = 2 × 1016 cm-3

 ni = 1.45 × 1010 cm-3

 QSS = 5 × 1010 cm-2

 T = 300 K

 We have
 |ffp| = 0.37 V

 xd(max)= 0.22 m = 0.22 × 10-4 cm

 Find VTn
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An Example

 Solution

Cox 
ox

tox


3.9  8.854 1014

5 107
 6.9 107  F/cm2

28

41619
(max)(max)

C/cm1004.7

1022.0102106.1







 dad xeNQ

V05.0

109.6

106.1105
)88.0(

109.6

1004.7
37.02

2

7

1910

7

8
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An Example

 Find DI required  

 Adjust the threshold voltage to 0.45 V

 We have

 VTn = -0.05 V 

 Cox = 6.9 × 10-7 F/cm2

VTn 
eDI

Cox

DI 
Cox

e
VTn 

6.9 107

1.6 1019
 0.5  2.16 1012  cm-2

V5.0)05.0(45.0  TnV
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Syllabus

 MOS Transistor Theory

 MOS systems

 The operation of MOS transistors

 The I-V characteristics of MOS transistors

 Scaling theory

 Advanced Features of MOS Transistors
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Cutoff  Mode
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Linear Mode
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Saturation Mode
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Syllabus

 MOS Transistor Theory

 MOS systems

 The operation of MOS transistors

 The I-V characteristics of MOS transistors

 Scaling theory

 Advanced Features of MOS Transistors
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I-V Characteristics

 Gradual channel approximation (GCA)

V(y = 0) = VS = 0 

V(y = L) = VDS

• VGS VT0n, 

• VGD = VGS - VDS VT0n

• Mobility n is constant
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I-V Characteristics

 Drain current

 Process transconductance 

 Device transconductance

)()()( yvyWQ
dt

dy
yWQI IID 

)]([)( yVVVCyQ TGSoxI 















 DSDSTGSoxnD VVVV

L

W
CI

2

1


kn
'  nCox

kn  nCox (W / L)
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I-V Characteristics

 Drain current

IDsat  ID (VDS VDSsat ) 
1

2
nCox

W

L
VGS VTn 2



Department of Electronic Engineering, NTUST, copyright@2004~2011,  Ming-Bo Lin

MOS TransistorsDigital Integrated Circuit Analysis and Design

2-22

I-V Characteristics
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I-V Characteristics
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Syllabus

 MOS Transistor Theory

 MOS systems

 The operation of MOS transistors
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 Scaling theory

 Advanced Features of MOS Transistors



Department of Electronic Engineering, NTUST, copyright@2004~2011,  Ming-Bo Lin

MOS TransistorsDigital Integrated Circuit Analysis and Design

2-25

Scaling Theory

 Constant-field scaling

 Full scaling

 Constant-voltage scaling
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Scaling Theory

 Concepts of scaling
 k = 0.7 for each generation
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Constant Field Scaling

 Poisson’s equation

 Let x’= kx, y’= ky , z’= kz

 k' and  '   k

'and' kNNkNN ddaa
==
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Constant Field Scaling

 Gate oxide capacitance

 Drain current

 Power dissipation

ox
ox

ox
ox C

kt
C

1
'

' 


PkVIkVIP DSDDSD
22''' 

DD kII '

DsatDsat kII '
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Constant Voltage Scaling

 All dimensions are scaled down

 All voltages are kept unchanged
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Constant Voltage Scaling

 Gate oxide capacitance

 Drain current

 Power dissipation

ox
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ox
ox C
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Summary of Scaling
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Syllabus

 MOS Transistor Theory

 Advanced Features of MOS Transistors

 Nonideal features of MOS transistors

 Threshold voltage effects

 Leakage currents

 Short-channel I-V Characteristics

 Temperature effects

 Limitations of MOS transistors
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Channel-Length Modulation

 An empirical relation
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Velocity Saturation

 The total velocity is the sum of 

 the random thermal velocity 

 drift velocity due to an electric field
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Hot Carriers

 What are hot carriers?

 Hot-electron injection (HEI)

 Hot carrier effects

 Substrate current

 Device degradation

 Gate leakage current
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Lightly-Doped Drain (LDD) Structure
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Body Effect

 Threshold voltage

VTn VT 0n   2 | fp | VSB  2  fp   
2 sieNa

Cox

(Body effect coefficient)
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Body Effect
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Short-Channel Effects

 What is the short-channel effect?

 Short-channel effect

 Charge sharing

 Substrate punchthrough

 Drain-induced barrier lowering (DIBL)
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Syllabus

 MOS Transistor Theory

 Advanced Features of MOS Transistors

 Nonideal features of MOS transistors

 Threshold voltage effects
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 Temperature effects
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Leakage Currents

 Junction leakage current

 Subthreshold current

 Gate leakage current
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Junction Leakage Current

 Reverse saturation current

 Band-to-band tunneling (BTBT)

 High electric field (> 106 cm/V)

 Gate-induced drain leakage (GIDL)

 Gate at low voltage while drain at high voltage
















E

E

E

EV
AI

g

g
BTBT

2/3

2/1
exp 
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Subthreshold Current
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Subthreshold Current
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Subthreshold Current
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Gate Leakage Current

 Hot carrier injection

 Gate tunneling

 FN tunneling

 Direct tunneling
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Syllabus

 MOS Transistor Theory

 Advanced Features of MOS Transistors

 Nonideal features of MOS transistors
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 Temperature effects
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Short-Channel I-V Characteristics

 Electron velocity

satsat

sat
sat

eff

EEv

EE
EE

E
v
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
)/1(
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v
E



2
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Short-Channel I-V Characteristics

 Effective mobility

 For electron

A = 670 cm2/V-s and B = 6.6 × 105 V/cm

 For holes

A = 160 cm2/V-s and B = 7 × 105 V/cm












B

E

A

norm
eff

1



ox

TGS
norm

t

VV
E

6


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Short-Channel I-V Characteristics

 Drain current

ID WCox[VGS VT V (y)]
eff E(y)

1 E(y) / Esat 

 

DS
DS

TGSoxn

satDS

DS
DS

TGSoxeffD

V
V

VV
L

W
C

LEV
V

V
VV

L

W
CI










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
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






















2

/1

1

2





for Esat>> VDS / L and meff = mn
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Short-Channel I-V Characteristics

 Drain current

 Saturation voltage

 Converges to VGS – VT when EsatL >> VGS – VT.

VDSsat 
(VGS VT )Esat L

(VGS VT ) Esat L

IDsat WCox VGS VT VDSsat vsat

WCoxvsat

(VGS VT )2

(VGS VT ) Esat L


W

2L
eff Cox (VGS VT )2     if Esat L   (VGS VT ) 

WvsatCox (VGS VT )         if Esat L   (VGS VT )
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Syllabus

 MOS Transistor Theory

 Advanced Features of MOS Transistors

 Nonideal features of MOS transistors

 Threshold voltage effects

 Leakage currents

 Short-channel I-V Characteristics

 Temperature effects

 Limitations of MOS transistors
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Temperature Effects

 Below/above threshold voltage
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Temperature Effects

 Below/above threshold voltage
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Syllabus

 MOS Transistor Theory
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 Nonideal features of MOS transistors
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Limitations of MOS Transistors

 Thin-oxide breakdown

 Avalanche breakdown

 Snapback breakdown

 Punch-through effects


