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ABSTRACT 

A threshold voltage model for small geometry fully depleted 

Silicon-On-Insulator (SOI MOSFET), based on the numerical 

solution of three dimensional Poisson’s equation is presented 

in this paper. Liebmann’s iteration method was used to solve 

the three dimensional Poisson’s equation with necessary 

boundary conditions. By using the solution of the Poisson’s 

equation potential profile, electric field profile, mobility 

profile, transfer characteristics and transconductance Vs gate 

voltage characteristics were calculated and plotted. 
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1. INTRODUCTION 
 Numerical modeling of the electrical behavior of 

semiconductor devices is playing an increasingly important 

role in their development. Examples that pertain to advanced 

MOSFETs and bipolar transistors are presented to illustrate 

the importance of taking into account three-dimensional as 

well as non-equilibrium and non-local physical phenomena to 

effectively characterize the electrical behavior of such devices 

[1]. CMOS circuits fabricated on silicon-on-insulator (SOI) 

wafers are gaining prominence in present-day very large-scale 

integration (VLSI) technology. SOI technology shows better 

performance over its bulk counterpart. The main advantages 

of SOI technology are the following. As the individual 

devices are perfectly isolated, latch up can be totally 

eliminated. SOI MOSFETs are having higher radiation 

tolerance. These devices have lower leakage current. The 

switching of these devices is fast due to the lower capacitance 

between device and substrate. Also power dissipation of SOI 

MOSFET is small; it is achieved because of the steeper sub 

threshold characteristics of the SOI transistor allow it to be 

operated at lower voltages [2]. Although SOI CMOS 

technology is now being widely used, there still exists the 

need to develop numerical device models for SOI-based 

MOSFETs suitable for circuit simulation. The analytical 

modeling of the threshold voltage of FD SOI MOSFETs has 

already been reported by numerous authors [3]-[5]. It is 

becoming increasing difficult to use one-dimensional or even 

two-dimensional (2D) models to describe the behavior of 

many small device structures; three-dimensional (3D) models 

are necessary to address the geometric dependencies of such 

structures [6]. There fore three dimensional numerical device 

models are important for the accurate electrical 

characterization of small geometry devices [7] – [8]. The 

reason for this is that the numerical approach is readily 

applicable to any 2 dimensional and 3 dimensional problems. 

Therefore it is worthwhile to realize a device using numerical 

modeling to get a more accurate result than that of an 

analytical model. The 3-D Poisson’s Equation is numerically 

solved by using Liebman’s iteration. The boundary conditions 

used for the solution of Poisson’s equation are applicable only 

for bulk MOSFETs. The surface potential for the SOI 

MOSFET can be obtained from this solution of three 

dimensional Poisson’s equation. The electric field and 

mobility is also calculated based on the surface potential. 

David Esseni [9] described a mobility model for SOI 

MOSFET using solution of 1D Poisson’s equation. A short-

channel threshold voltage model for FDSOI MOSFET is 

developed using a quasi-two-dimensional approach similar to 

those used for modeling threshold voltage, substrate current, 

and other hot-electron phenomena in bulk MOSFET’s are also 

discussed in [10]-[14]. 

2. MODELING OF SOI MOSFET 
The cross-sectional view of an n- channel SOI MOSFET 

along the channel length is shown in Fig. 1. If the silicon 

channel thickness is small, it will become fully depleted 

before channel inversion. In general, in order to analyze this 

structure, we need to solve both the Poisson’s equation and 

current continuity equation. However, in the sub threshold 

regime, and in the linear regime with small Vds, the currents 

are small and Poisson’s equation alone is sufficient [15]. 

 

 

 

 

 

 

 

 

 

 

Fig: 1 Cross sectional view of SOI MOSFET along channel 

length 

The source–SOI film and drain–SOI film junctions are located 

at y=0 and y=Leff, respectively, where Leff is the effective 
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channel length. The front and back Si–SiO2 interfaces are 

located at x=0 and x=ts, where ts is the SOI film thickness. 

The toxf and toxb are the front and the back gate oxide 

thicknesses, respectively, where the applied potential to the 

front and back gates are Vgf and Vgb. 

 The sidewall Si–SiO2 interfaces are located at z=0 and z=w. 

The thickness of the side wall oxide is around 1.5 times the 

thickness of the gate oxide because the parasitic sidewall 

transistor is normally oriented along the surface. 

In order to analyze the structure shown in Fig. 1, we need to 

solve both Poisson’s equation and current continuity equation. 

However, in the sub threshold regime, the currents are small 

and Poisson’s equation alone is sufficient. In this paper, we 

consider a fully depleted (FD) SOI film. The 3-D Poisson’s 

equation in the FD SOI film region is given by, 
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where NA is the doping concentration and 
 z,y,x

 is the 

potential at a particular point (x,y,z) in the SOI film. 

The boundary conditions required to solve the 3-D Poisson’s 

equation are given as, 
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The boundary conditions given by (2) and (3) indicate that the 

potential applied at the front (back) gate is the sum of the 

potential at the front (back) Si–SiO2 interface and the drop 

across the front (back) gate oxide. In (2) and (3), Vgf and Vgb 

are the flat band voltages and Q
f

it  and Q
b

it  are the interface 

trapped charges associated with the front and back gates 

respectively, and εsi and εox are the permittivity for silicon and 

silicon dioxide, respectively. Equations (4) and (5) represent 

the boundary conditions at the source and drain ends of the 

channel, Vbi being the built-in potential of the n+ -p junctions 

and Vds is the drain-to-source applied voltage. Equations (6) 

and (7) indicate that the potential applied at the front gate is 

the sum of the surface potential at the edge of the transistor 

and the drop across the sidewall oxide. 

Now to obtain the potential field profile, the 3D Poisson’s 

Equation is numerically solved by considering the entire 

channel length to be divided in to large number of strips. Thus 

we will obtain the potential at every point in the channel. 

From the potential values obtained from the numerical 

solution we can find out the electric field. The electric field 

equations in x, y and z directions are given by, 
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Where m x , m y  and m z  are the  separation of grid line along 

x, y, z   directions.  lji ,,   is the surface potential. 

 L, W, ts are the gate length, device width & oxide thickness 

respectively. 

We can find out the mobility of charge carriers from the 

electric field values. The mobility in x, y, z directions is given 

by, 
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 The drain – source current Ids can be obtained from the 

continuity equation. Ids is obtained as, 
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Where εox & dox are the permittivity & thickness of oxide 

layer respectively. 

µox & Ex represents the mobility &   electric field along the 

length of channel. 

Vgs denotes gate – source voltage. 

Vth represents threshold voltage. 

Vx is the surface potential.  
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3. COMPUTATIONAL TECHNIQUES 

The basic 3D Poisson’s equation (1) is solved using 

Liebmann’s iterative method to determine the surface 

potential for fixed value of gate voltage and assumed value of 

the drain voltage. The numerically estimated value of the 

surface potential is utilized to determine the charge per unit 

area in the inversion region. The drain current has been 

calculated from equation (14). The voltage profile and the 

electric field distribution in the channel have been estimated 

for accurate calculation of the drain to source current. The 

voltage profile in the channel is obtained by calculating the 

differential change in the voltage across the channel and is 

assumed to be very small (1mV) at the source end and low 

field mobility has been used to begin the numerical 

computation from the source end. The field dependant 

mobility has been computed by estimating the electric field at 

any point (x, y, z). The field in the channel has been 

calculated by numerical simulation.  

The voltage profile in the channel is obtained by dividing the 

channel region into several meshes and then calculating the 

differential change in voltage across the channel.  The 

numerically estimated surface potential value is used to 

determine the electric field and mobility profile. 
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4. RESULTS AND DISCUSSION 
The device parameters used for the modeling and numerical 

simulation are given in the table below. 

Table. 1 

Parameters Value 

Gate Length L 100nm 

Device Width W 80nm 

Oxide Layer Thickness ts 30nm 

Intrinsic carrier concentration Ni 1.2*10
13

/m
3

 

Acceptor concentration,NA 
10

21
/m

3
 

Front gate oxide thickness toxf 3nm 

Back gate oxide thickness toxb 400nm 

Side wall oxide thickness toxw 15nm 

 

 

 

 

4.1 Potential distribution along length of 

channel  

 

 
  

        

 

Fig.2a Potential distribution along length of channel 

Figures 2a and 2b represent the typical two dimensional 

potential profiles along channel length and device width 

respectively.  

From this graph we found that the surface potential decreases 

linearly near the source end and increases linearly near drain 

end. This is due the fact that the high electric field near the 

drain causes the conductivity rapidly. Due to this it is 

expected that the electric field near the drain end reaches the 

critical field for high drain voltage and hence causes the 

velocity saturation.   

4.2 Potential distribution along the device 

width 

 

 

 

 

                      

. Fig.2b Potential distribution along the device width 

4.3 Potential distribution along the channel 

length & device width 

 

Fig. 2c Potential distribution along the channel length & 

device width 

 The potential profile along the channel length & device width 

in a 3 dimensional figure is shown in fig.2C. The potential 

increases near the drain because of the applied positive bias at 

the drain electrode.          
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4.4 Electric field along length of the channel 

 

Fig.3a Electric field along length of the channel 

 

Fig.3b Electric field along length of the channel 

The electric field distribution along the channel length, device 

width & oxide thickness is also obtained and it is shown in 

figures 3a, 4a & 5. The electric field along the length of the 

channel (Ex) is dominant over the electric along device width 

(Ey) and the electric field along oxide thickness (Ez). . The 

electric field increases rapidly near the drain end. This is due 

to the fact that the carrier density near the drain end 

experiences a rapid decrease in surface concentration which 

calls for a rapid increase in the electric field to maintain the 

constant drain current 

It can be observed from the figures 4a & 5 that both Ey and Ez 

decrease rapidly near the drain end. This is due to the 

application of Vgs ; electrons acquire more energy to move 

along the length of channel. Thus Ex increases rapidly near 

drain end. The corresponding three dimensional models are 

also shown in figures 3b & 4b. 

4.5 Electric field along the device width 

 

Fig.4a Electric field along the device width 

 

Fig.4b Electric field along the device width 

4.6 Electric field along oxide thickness 

 

Fig.5 Electric field along oxide thickness 

  4.7 Mobility along channel length 

 

Fig. 6a Mobility along channel length 

 

Fig. 6b Mobility along channel length 

The mobility variation along the channel length is shown in 

figure 6a and its three dimensional plot is shown in figure 6b. 

We know that mobility is directly proportional to the electric 

field. So the shape of the mobility curve along the channel 

length is same as that of the electric field curve along channel 

length (Ex). The mobility has a drastic increase near the drain 

end. 
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4.8 Mobility along device width 
The mobility variation along the device width is shown in 

figure 7a and its three dimensional plot is given in figure 7b. 

In this case also the shape of the mobility curve along device 

width is same as that of the electric field profile along the 

device width (Ey). Near the drain end there is a drastic 

reduction in mobility of charge carriers 

 

Fig. 7a Mobility along device width 

 

Fig. 7b Mobility along device width 

The value of mobility (velocity per unit electric field) is 

influenced by several factors.  The mechanisms of conduction 

through the valence and conduction bands are different, and 

so the mobility associated with electrons and holes are 

different. The value for electrons is more than twice that for 

holes at low values of doping. As the density of dopants 

increases, more scattering occurs during conduction. Mobility 

therefore decreases as doping increases. At low temperatures, 

electrons and holes gain more energy than the lattice with 

increasing T, therefore mobility increases. At high 

temperatures, lattice scattering dominates, and thus mobility 

falls. 

4.9 Mobility along oxide thickness 

 

Fig.8 Mobility along oxide thickness 

The mobility variation along the oxide thickness is shown in 

figure 8. As we explained above the shape of the 

characteristics will be same as that of the electric field profile 

along the oxide thickness (Ez). Near the drain end there is a 

drastic reduction in mobility of charge carriers. 

4.9 Transfer characteristics 

 

Fig. 9 Transfer characteristics 

The transfer characteristics of the MOSFET are also obtained 

for different values of gate voltage. As the applied gate to 

source voltage increases, the drain current also increases for 

fixed drain voltage. This is due to the fact that the excess 

carriers generated in the channel. When the drain voltage 

increases, the drain current also increases rapidly. The transfer 

characteristic is shown in figure 8. 

The linear transfer characteristics are provided by a MOSFET 

having a channel that operates in a linear mode and a drift 

region that simultaneously supports large voltages and 

operates in a current saturation mode. A relatively highly 

doped transition region is preferably provided between the 

channel region and the drift region. Upon depletion, this 

transition region provides a potential barrier that supports 

separate and simultaneous linear and current saturation 

modes. 

4.10 Tran conductance Vs gate voltage 

 

Fig. 10 Transconductance Vs gate voltage 

The Trans conductance Vs a gate voltage characteristic is also 

obtained and is shown in figure 10. Transconductance, Gm, is 

a measure of the sensitivity of drain current to changes in 

gate-source bias. The transconductance is defined as 

Gm=Ids/Vgs. This parameter is normally quoted for a Vgs 
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 5. CONCLUSION 
 A threshold voltage model for mesa isolated fully depleted 

(FD) SOI MOSFET based on numerical solution of 3-D 

Poisson’s equation is presented. The device can be considered 

as a nano device as all device dimensions are in nano meter 

range. The potential distribution is obtained from the 

numerical solution of 3D Poisson’s equation. The voltage 

profile and electric field of the device enhance the study of 

various other parameters. The field dependent mobility of the 

carriers in the surface channel should be considered for the 

short channel device simulation because it drastically 

modifies the characteristics of the device. Various other 

characteristic like transfer characteristics and 

transconductance Vs gate voltage characteristics is also 

discussed in this paper.  
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