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3.1 Introduction 

 Switching speed of field effect devices has shown dramatic improvement over the 

past few decades, which is empowered by Silicon processing technology in conjunction with 

the continued device downscaling. Since the inception the MOS packaging density has 

undergone a two fold increase every 18 months as predicted by the Moore's law [1,2]. 

Reduction of physical dimension has not only improved circuit performance but also led to 

energy efficiency. The working frequency of a device increases with reduction in gate length. 

Actually the gate length or channel length determines the carrier transit time of the device. As 

the device area decreases, the overall gate capacitance also decreases. This results in faster 

switching of a device [3-6]. Consequently device scaling is a candid affair for performance 

improvement of a device. 

 Scale length is a representative parameter that gives an indication about the extent to 

which a device can be miniaturized. The scale length can be defined as the length of the 

portion of the channel that is under the control of drain [7-10]. The channel length of the 

device should be 5-10 times of the scale length to avoid short channel effect [6,10]. The scale 

length expression for the device is obtained by solving the Poisson’s equation for transverse 

electrostatic potential [6]. In other words scale length value indicates the limit upto which a 

device can be scaled down. In this chapter methods for determination of scale length of four 

non conventional structures of JLT is presented. The structures are- 

 1. Pentagonal 

 2. Hexagonal 

 3. Octagonal 

 4. Rectangular 

 These structures have not been reported so far, probably because of the fabrication 

difficulties. As the fabrication technologies are developing rapidly, the possibility of 

fabrication of these structures in near future cannot be denied. Moreover the fabrication of 
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JLT is much simpler compared to devices with junctions [11-30]. So in this chapter a 

discussion is given on whether these structures are suitable for VLSI design by determining 

the scale length expressions for the above mentioned structures and comparing the scale 

length values for all the structures.       

3.2 Scale Length Determination  

 The 3D Poisson's equation has been used to determine the scale length of the different 

structures of JLT. In some of the structures it is possible to convert the 3D Poisson's equation 

into a 2D equation. The boundary conditions for the Poisson's equation can be extracted for 

different structures which is dependent upon the geometric structure of the device. The 3D 

Poisson’s equation can be written as [31], 

2 ( , , ) ( )d a

si si

q
x y z p n N N


       

 
                       

                                (3.1)

 

Where,  

ϕ(x,y,z) is the electrostatic potential 

q is charge of a carrier (hole or electron),  

Na and Nd are the acceptor and donor doping concentrations  

ϵsi is the permittivity of silicon. 

For P-channel device, n << p and Nd << Na and for N-channel device, p << n and Na << Nd [31]

 

Therefore equation (3.1) can be approximated as [31], 
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Again, in the depletion region, p << Na and n << Nd [31] 

( , , )
( )

( , , ) 0 0
q x y z

kTx y z e





                   (3.2)

 

Using (3.2) , the Poisson's equation in the fully depleted channel can be written as [31], 
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for P-Channel JLT and  

2 2 2

2 2 2

( , , ) ( , , ) ( , , ) d

si

qNx y z x y z x y z

x y z

    
   

   
            

(3.3B) 

for N-channel JLT 

3.2.1 Pentagonal JLT 

 The schematic diagram of a pentagonal JLT is shown below in Fig. 3.1. The 3D 

Poisson's equation for a pentagonal JLT is presented as follows. 
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Fig. 3.1: Cross sectional view of a Gate all around (pentagonal cross section) JLT  

 

A possible solution for (3.4) can be written as [32], 

2 2

0 1 2 3 4( , , ) ( ) ( ) ( ) ( ) ( )x y z C z C z x C z y C z x C z y     
                                   (3.5) 

Cross sectional view of a Gate all around (pentagonal cross section) JLT in Fig. 3.1 

For Full Depletion, 

At 0x  , 0y  ,  

0( , , ) ( ) sx y z C z    
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At 0x  , the electric field,   

1

( , , )
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si ox

d x y z
C z

dx t


 


   


  

At 0y  , the electric field,
  

2

( , , )
( ) ( )ox

gs s

si ox
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C z
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Where,  

s  
is the surface potential 

ϵox is the permittivity of the gate oxide 

tox  is the gate oxide thickness 

gs gs fbV V     

where,  

gsV is gate to source voltage 

fbV is the flat band voltage.   

The distance of the centre of mass of the pentagon from the vertices is,  

2sin 36 1.176

si sit t
R  

  

Where,  

tsi is the side length of the pentagon.
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At 0x  ,
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Using (3.7), (3.6) can also be written as,    
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(3.8)                    

Putting ( , , )x y z from (3.8) in (3.4) and 0x  , 0.69 siy t ,

 Or, 
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  is the scale length of the device . 

Solving (3.9) The central longitudinal potential can be obtained as [32], 
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3.2.2 Hexagonal JLT 

 

Fig. 3.2: Cross sectional view of a Gate all around (Hexagonal cross section) JLT 

 

The schematic diagram of a hexagonal JLT is shown in Fig. 3.2.   

For a n-type and p-type JLT the Poisson's equation in fully depleted channel is given below 
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The possible general solution obtained as from equation (3.10) is [32] 

2 2
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Using boundary conditions,
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Putting ϕs from (3.12) in (3.11), 
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Putting ( , , )x y z from (3.13) in (3.10) and 0y                                                             
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       is the scale length of the device . 

By solving (3.14) central potential can be obtained as [32] 
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3.2.3 Octagonal JLT                                  

                                       

 

Fig. 3.3: Cross sectional view of a Gate all around (Octagonal cross section) JLT 

 

 In an octagonal JLT shown in Fig. 3.3 the origin of the coordinate system used is 

equidistant from all the sides. Therefore we can convert the 3D Poisson's equation into 2D 

equation as shown in equation (3.15).  

Equation (3.3) for Gate all around (octagonal cross section) JLT can be rewritten as, 

2 2
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One solution of Poisson’s equation can be assumed as [32] 

2

0 1 2( , ) ( ) ( ) ( )y z C z C z y C z y                                                                           (3.16)                                                                     

At y=0, 
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0 ( )z is the central electrostatic potential. 

At y=0, the transverse electric field in y- direction, 
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At y=1.21tsi, where, tsi is the side length of octagon the electric field is given as, 
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(3.17) can also be written as, 
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Putting ( , )y z from (3.18) in (3.16) and y=0, 
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Where, 
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  is the scale length of the device. 

By solving (3.19) central potential can be obtained as [32] 

2 2

2 2

0
2

2
2 2

2 2
2

2
2

1 1
( ( ) ) ( )

( )

( 1)

1 1
( ( ) ) ( )

1
( )

( 1)

L

a a
ds gs gs z

si si

L

L L

a a
ds gs gs z

si si a
gsL

si

qN qN
V e

z e

e

qN qN
V e e

qN
e

e







 





   
 



   
 

 




   
 

 



   
 

 



 

3.2.4 Rectangular JLT 

The schematic diagram of rectangular JLT is shown in Fig. 3.4. The Poisson's equation can 

be written as, 
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Fig. 3.4: Cross sectional view of a Gate all around (Rectangular cross section) JLT 

 

The general solution of Poisson’s equation can be obtained as [32] 

2 2
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1 2

( , , ) ( , , )
( ) ( ) 0

d x y z d x y z
C z C z

dx dy

 
     

Where, 0 ( )z  is the central electrostatic potential. 

At 
2

sia
x  , the transverse electric field in x-direction, 
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Therefore (2) can be written as, 

2 2

0( , , ) ( ) ( ) ( )ox ox
gs s gs s

si si ox si si ox

x y z z x y
a t b t

     
 

    
 

                          (3.21)                 

(3.21) can also be written as,                     
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Putting ϕ(x,y,z) from (3.22) in (3.20) and x=0, y=0, 
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Where, 
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 is the scale length of the device. 

By solving (3.23) the central electrostatic potential can be determined as [32],  
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3.3 Results And Discussion  

 A comparison of scale length variation with gate oxide thickness for the structures of 

JLT is shown in Fig. 3.5 and the variation of scale length with side lengths of the structures is 

shown in Fig. 3.6. The width to thickness ratio of the rectangular JLT is taken as 1. In Fig. 

3.7 the variation of scale length of the rectangular JLT with width to thickness ratio cross 

section keeping the area constant (100 nm²) is shown. The scale length decreases nonlinearly 

with increasing width to thickness ratio. The variation of scale length with dielectric constant 

of gate dielectric for all the structures of JLT is shown in Fig. 3.8. It can be seen that to 

reduce channel length the gate oxide thickness should be decreased as capacitive coupling is 

higher for lower gate oxide thickness. Use of high K dielectric also strengthen the capacitive 

coupling which can push the channel length scaling limit further as shown in Fig. 3.8. From 

Fig. 3.5, Fig. 3.6 and Fig. 3.8 it is seen that the scale is lowest for hexagonal structure. 

However with a very high width to thickness ratio a lower scale length value can be achieved 

for rectangular structure as shown in Fig. 3.7.  
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 The transverse electrostatic potential profile for different values of drain voltage, gate 

oxide thickness, channel length and gate voltage are shown in Fig. 3.9-Fig. 3.12. The 

electrostatic potential with respect to y-axis position starting from midpoint of one side to the 

midpoint of opposite side is plotted with origin at the centre. The central potential profile for 

different values of drain voltage, gate oxide thickness and gate voltage, are shown in Fig. 

3.13-Fig. 3.15. The potential along channel length at the centre is plotted with position from 

source to drain. In the source end the potential is ideally zero which decreases initially and 

then increases and become equals to drain voltage at the drain end of the channel. 

 With the increasing drain voltage the gate control over the channel decreases and 

variation of potential increases. This is because the electric field due to drain voltage opposes 

the applied gate electric field. As the oxide thickness increases the vertical electric field 

reduces causing a decrease in the potential value. For shorter channel bending degree is high, 

which implies that the DIBL is more significant for the shorter device. As gate voltage 

increases the resultant electric field in the channel reduces causing the potential to reduce. In 

all cases the hexagonal structure exhibits minimum potential as the gate controllability is 

maximum for hexagonal JLT. 
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Fig. 3.5: Scale length variation with gate oxide thickness 
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Fig. 3.6: Scale length variation with side length 
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Fig. 3.7: Scale length variation with width to thickness ratio rectangular JLT keeping constant cross sectional 

area 
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Fig. 3.8: Scale length variation with dielectric constant of gate dielectric 
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Fig. 3.9: Transverse potential profile for different value of drain to source voltage for (a) Pentagonal (b) 

Hexagonal (c) Octagonal (d) Rectangular JLT 
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Fig. 3.10: Transverse potential profile for different value of gate oxide thickness for (a) Pentagonal (b) 

Hexagonal (c) Octagonal (d) Rectangular JLT 
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Fig. 3.11: Transverse potential profile for different value of channel length for (a) Pentagonal (b) Hexagonal (c) 

Octagonal (d) Rectangular JLT 
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Fig. 3.12: Transverse potential profile for different value of gate to source voltage for (a) Pentagonal (b) 

Hexagonal (c) Octagonal (d) Rectangular JLT 
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Fig. 3.13: Central potential profile for different value of drain to source voltage for (a) Pentagonal (b) 

Hexagonal (c) Octagonal (d) Rectangular JLT 
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Fig. 3.14: Central potential profile for different value of gate oxide thickness for (a) Pentagonal (b) Hexagonal 

(c) Octagonal (d) Rectangular JLT 
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Fig. 3.15: Central potential profile for different value of gate to source voltage for (a) Pentagonal (b) Hexagonal 

(c) Octagonal (d) Rectangular JLT 
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3.4 Conclusions                                                                                                                                                                                    

 The scale length expression for four structures of JLT namely pentagonal, hexagonal, 

octagonal and rectangular is obtained. Among the structures mentioned above the hexagonal 

and rectangular structures have the maximum packing density. The scale length value of 

hexagonal JLT is lowest among the structures. However for a very high width to thickness 

ratio the scale length value of rectangular JLT is less than the hexagonal JLT. Thus the 

hexagonal or rectangular or both structure may find their use in VLSI design in future.    

Contributions 

 This chapter gives an idea about the scaling limit of the four structures mentioned. 

With the knowledge of the scaling limit along with some other characteristics such as, 

switching speed, power consumption etc. one can select the appropriate structure for a 

particular design.     
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