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OBJECTIVE

√√√√ To develop a compact analytical model of VTCMOS

√√√√ To demonstrate the low power operation of VTCMOS

√√√√ To investigate the short channel effect on VTCMOS

√√√√ To find optimum device conditions
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Introduction
Circuits’ speed and power dissipation
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Introduction
Tradeoffs in Low Power Devices
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Strong demand for ultra-low power VLSI

Low Vdd for low ac power          
Low Vth for high speed
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Introduction 
Explosion of Stand-by Power

Necessity of low power VLSI technology VTCMOS
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Variable Threshold-Voltage CMOS (VTCMOS)

What determines ∆∆∆∆Vth?
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Body effect factor γγγγ
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Slope

Then   ∆∆∆∆Vth = γγγγ ×××× |∆|∆|∆|∆Vbs||||

γ ∝∝∝∝ CD ⁄⁄⁄⁄ COX
CD: Depletion layer cap. 
COX: Gate oxide cap. 

(irrespective of device structure)
- Directly related to ∆∆∆∆Vth
- Applicable to any devices
(including SOI devices)

- Also related to SCE

γγγγ ranges from 0.1 to 0.2 in advanced MOSFET’s
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Numerical simulations of VTCMOS Koura et al, JJAP pp.2312 (2000)

0.2 0.4 0.6 0.8
10      -13  

10      -12  

10      -11  

10      -10  

10 -9 

10 -8 

10 -7 

10 -6 

10 -5 

10 -4 

Vbs=−0.3V

0V

-5V

γ =0

0.17

0.240.3
0.36

0.45

γ  = 0.6

-0.7V

-0.8V

-1V -1.2V
-1.5V -2V -3V

Iof
f (

a)
(A

/µ
m

)

Ion(a)(mA/µm)

0.0 0.2 0.4 0.6
0.0 

0.5 

1.0 

1.5 

2.0 

2.5 

4X10 -44.5X10 -4
5X10 -4 

5.5X10 -4

6X10 
-4

6.5X10
-4

7X10   -4

Ion(a) =7.5X10 -4 (A/µm)

| ∆
V

bs
|(V

)

γ

Vo

Vg

Log Ids

10 −−−−13 A/µµµµm

Vdd =1.5V

Ion(a)

Ioff(a)

t

Na, p++

Ns, n or p-

Simulation   procedure  



Contents

√√√√ Introductory part 
- Necessity of low power MOSFET technology
- Variable Threshold-Voltage CMOS (VTCMOS)

√√√√ Previous work: Numerical simulations of VTCMOS

√√√√ Analytical model of VTCMOS

√ Short Channel Effect on VTCMOS

√ Optimum conditions of VTCMOS

√√√√ Conclusions



Purpose of Analytical VTCMOS Model 

√√√√ Compact and practical
only includes γγγγ, S, and Vbs

√√√√ Applicable to any devices
including short channel 
VTCMOSs

In terms of  γγγγ, S and Vbs, 
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Analytical VTCMOS Model (Ioff, active)
IOFF (a)  ⇔⇔⇔⇔ IOFF (s)

Using the definitions of sub-threshold slope (S) and threshold voltage (Vth):
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Analytical VTCMOS Model (Ion, active)
ION (a)  ⇔⇔⇔⇔ IOFF (s)

Using the αααα-power law model:
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Relation between S factor and γγγγ

If the SCE occurs
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Comparison of measured and modeled Ioff (s) 

Ids -Vg curves as a function of Vbs
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Relation between power and speed in VTCMOS
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Modeling of Ion(a) characteristics
( Ioff (s) = 10 −−−−13 A/µµµµm and Vdd = 1.5V)
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Interpretation of V0

- rarely dependent on γγγγ
- Scalability with Vdd
- Related with the SCE

-9
-10

-11
-12

-13

7065605550

0.9

1.0

1.1

1.2

Suppressed
    SCE

Worse
  SCE

log
10

 (Ioff  (s)) 
     (A/µm)

 

V 0  v
al

ue
 (V

)

dS/dγ   value
(mV/decade)

(a) =  0 =  0 =  0 =  0 
d γγγγ

d Ion

Definition of Vo: Vbs where Ion(a) is given by a constant

γγγγ

Ion(a)

|∆∆∆∆Vbs| = Vo

|∆∆∆∆Vbs| <Vo

|∆∆∆∆|Vbs| > Vo

(Vdd=1.5V)

γγγγ−−−−αααα××××γγγγ++++
−−−−γγγγααααγγγγ++++ΩΩΩΩ−−−−+ + + + ====

−−−−

)1(
]/)1)[())((( log /1

10     SddSsIV Vo offdd 



Contents

√√√√ Introductory part 
- Necessity of low power MOSFET technology
- Variable Threshold-Voltage CMOS (VTCMOS)

√√√√ Previous work: Numerical simulations of VTCMOS

√√√√ Analytical model of VTCMOS

√ Short Channel Effect on VTCMOS

√ Optimum conditions of VTCMOS

√√√√ Conclusions



Short Channel Effect 
on the performance of VTCMOS
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Short Channel Effect - Standby off current, Ioff(s)
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SCE             Degradation of γγγγ ↓↓↓↓ and S ↑↑↑↑
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Short Channel Effect – Active on current, Ion(a)

Ion(a) = B (Vdd −−−−VTH)αααα

VTH = [S(log10(Ioff(s)) −−−− ΩΩΩΩ/ ) −−−− γγγγ ||||Vbs||||]
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Short Channel Effect – Ion(a) Modeling
At Ioff(s)=10−−−−13 A/µµµµm

0.0 0.3 0.6 0.9 1.2 1.5

0.4

0.6

0.8

1.0

1.2

0.2
0.3

0.4
0.5

dS/dγ  = 45

dS/dγ = 70

N
or

m
al

ise
d 

 I on
(a

)

γ value
Vbs (V)

0.80
0.88 0.960.72

1.0
0.64

1.1

0.56
0.72 0.80 0.880.64

0.96
0.56

1.00.48

0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4
0.15

0.20

0.25

0.30

0.35

0.40

0.45

0.50

V0

V bs
 (V

)

γ value

SCE 1. To make Ion(a) Smaller.

2. To shift Vo to a lower value.( γγγγ ↓↓↓↓,  S ↑↑↑↑ )



Optimum condition

(1)  |∆∆∆∆Vbs| should be set as large as the junction leakage permits.

(2)  Appropriate selection of Vdd and Vbs must be made to satisfy 
both low Ioff(s) and high Ion(a). 

(3)  When the values of γ γ γ γ and Vth can be
designed at a fixed |∆∆∆∆Vbs|, 
the optimum γγγγ depends on Vo.

−−−− γγγγ should be large (|∆∆∆∆Vbs| > Vo)
−−−− γγγγ should be small (|∆∆∆∆Vbs| < Vo)

 (4)  To design a VTCMOS of high performance,
The following parameters must be larger. 
(suppressed SCE).

Eoff  ≡≡≡≡ ∆γ∆γ∆γ∆γ / γγγγ −−−− ∆∆∆∆S / S   and   Eon ≡≡≡≡ ∆γ∆γ∆γ∆γ ⋅⋅⋅⋅Vbs −−−− ∆∆∆∆S ⋅⋅⋅⋅ ( Ioff(s) −−−− ΩΩΩΩ/ )
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|∆∆∆∆Vbs| < Vo
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Conclusions

√√√√ A very compact analytical VTCMOS model has been developed. 

√√√√ VTCMOS can attain lower power than a normal CMOS
at the same speed.

√√√√ Short Channel Effect degrades the VTCMOS’ performance.  
SCE should be suppressed.

√√√√ Optimum device conditions for VTCMOS are discussed.


